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Tertiary thiols are a synthetically challenging class of compounds to prepare 
asymmetrically. The few reported methods for preparing these species require 
restrictive functionality to be incorporated into the products or are limited to employing 
simple carbon electrophiles. 
 
This thesis details investigations into the lithiation of N-aryl thiocarbamates. A 
stereoselective intramolecular arylation within lithiated thiocarbamates has been 
developed allowing the construction of quaternary stereocentres next to sulfur. Simple 
deprotection allows the isolation of enantiomerically pure tertiary thiols. 
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A procedure for aryl migration within benzylic thiocarbamates has been developed and 
optimised. Rearrangement occurs in good yield and excellent stereoselectivity in a wide 
range of thiocarbamate substrates. Various substitution patterns are tolerated on the 
migrating aryl ring, the benzylic aryl ring and on the benzylic carbon centre. 
 
Extension of this methodology has incorporated an asymmetric alkylation of achiral 
benzylic thiocarbamates as a method of preparing aryl migration substrates. This allows 
the asymmetric synthesis of tertiary thiols in 2 steps from simple achiral precursors. 
 
Aryl migration has also been found to occur in lithiated allylic thiocarbamates with high 
stereospecificity, allowing preparation of a wider range of tertiary thiols. 
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MS  mass spectrometry 
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pKa  acid dissociation constant 
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1-C, 3’-N)( η4-tetraphenylcyclobutadiene)cobalt]dipalladium 
R, Rn  unspecified substituent 
RF  retention factor 
rt  room temperature 
s  second(s) 
s  secondary 
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sec  secondary 
SN1  1st order nucleophilic substitution 
SN2  2nd order nucleophilic substitution 
t  tertiary 
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tert  tertiary 
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TFA  trifluoroacetic acid 
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Triflate  trifluoromethylsulfonate 
Ts  para-toluenesulfonyl 
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Chapter 1: 
Asymmetric synthesis of tertiary thiols and thioethers 
 
 
1.0.1 Asymmetric synthesis 
 
Modern synthetic chemistry has focussed on the asymmetric synthesis of useful chiral 
molecules, where one enantiomer is preferentially synthesised over the other. This approach has 
become important in all applications of organic chemistry, including the production of valuable 
pharmaceuticals and agrochemicals. In 1990 the Nobel Prize in Chemistry was awarded for the 
development of methods allowing the preparation of single enantiomers of oxygen- and 
nitrogen-containing organic molecules. 1-3 
 
 
1.0.2 Organosulfur compounds 
 
Organic compounds containing sulfur embody many unique properties and reactivities.4 In 
particular, organosulfur compounds play key roles in many biological structures and functions; 
2 of the 21 common amino acids, building blocks of proteins, contain sulfur and 6 of the 7 best-
selling drugs in the US in 2008 were organosulfur compounds (Figure 1).5 Because of this, these 
compounds are of particular interest to synthetic chemists. Therefore, the ability to manipulate 
and prepare enantiomerically pure organosulfur species is of importance in synthetic organic 
chemistry. 
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Figure 1 
 
 
1.0.3 Tertiary thiols 
 
There are many methodologies available for the asymmetric preparation of thiols and thiol 
derivatives, the simplest organosulfur compounds.6 However, almost all reported methods are 
limited to the construction of secondary thiol derivatives. There are very few developed 
methodologies available for the asymmetric preparation of tertiary thiols 1. Of the methods 
reported, most require the presence of specific functionalities within the substrate molecule. 
Because of this, even very simple thiol 2 is unreported in an enantiomerically pure form (Figure 
3). 
 
 
Figure 2 
 
 
Figure 3 
 
We can envisage two general methods for the preparation of tertiary thiol 1. Firstly, the thiol 
functionality could be installed by stereoselective attack of a sulfur-based nucleophile upon a 
substituted carbon centre (C-S bond formation). Secondly, stereoselective alkylation of a 
secondary sulfur-based substrate could generate the quaternary centre (C-C bond formation). A 
few methods incorporating these approaches have been reported. 
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1.1 Carbon-Sulfur Bond Formation 
 
 
1.1.1 SN2 displacement of a leaving group 
 
Stereosepecific nucleophilic attack on substituted carbon atoms is a simple and versatile way to 
construct stereocentres next to heteroatoms with overall inversion of stereochemistry. Sulfur 
nucleophiles are used regularly to accomplish reactions of this type.6 However, SN2 
displacements are very sensitive to steric crowding at the reaction centre: SN1 substitution and 
elimination reactions are almost always favoured over the SN2 pathway in quaternary 
electrophiles. 
 
 
1.1.1.1 Sulfonate leaving groups 
 
A few examples of the use of sulfonate leaving groups in the preparation of tertiary thiols and 
thioethers exist. 
 
SN2 displacement of a mesylate leaving group by thiophenol can be accomplished in derivatised 
α-hydroxy esters 4 (Scheme 1).7  
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Scheme 1 
 
The presence of the α-ester group promotes SN2 reaction in 2 ways: the electron-withdrawing 
nature of substituent inhibits SN1 dissociation and carbocation formation, and the planar ester 
group poses minimal steric hindrance toward approach of the nucleophile. 
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Scheme 2 
 
Yields of substitution in α-aryl-α-hydroxy esters are poor with significantly decreased 
enantiomeric ratio in the product 7 (Scheme 2). The low yields are attributed to the formation of 
β-thioethers 8 by elimination of the formed thiolate and subsequent conjugate addition. Poor 
enantiopurity in the products is thought to arise from competitive SN1 dissociation. Use of α,α-
dialkyl hydroxyl esters is more successful; thioethers are formed in high yield and high 
stereospecificity (Scheme 3). 
 
 
Scheme 3 
 
Using the same principles of low steric bulk and inhibition of the SN1 reaction pathway, α-
(sulfonyloxy)nitriles, easily prepared from cyanohydrins, can also undergo SN2 reaction with 
sulfur nucleophiles.8 A number of monoalkyl α-(sulfonyloxy)nitriles have been shown to react 
cleanly in this way. However, substitution of dialkyl α-(sulfonyloxy)nitrile 12 is very slow. 
Conversion of compound 12 to product 13 with potassium thioacetate in DMF proceeds in only 
35 % after 72 hours. SN2 displacement of the leaving group by thioacetic acid proceeds well in 
toluene at 55 °C (Scheme 4). 
 
 
Scheme 4 
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Despite the limitations in the sulfur-based displacement of sulfonate leaving groups from 
quaternary centres, the synthesis of the unnatural enantiomer of natural product spirobrassinin 
has been achieved by this method.9 Use of an intramolecular cyclisation of a dithiocarbamate 
allows isolation of the natural product 15 with full inversion of stereochemistry, although no 
yield for this reaction was reported (Scheme 5).  
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Scheme 5 
 
Peregrina and co-workers developed a more efficient methodology for the invertive 
displacement of sulfonate leaving groups.10-12 Nucleophilic opening of cyclic sulfamidates 
proceeds by an SN2 mechanism. This has been applied this to the synthesis of functionalised β-
amino acids10 (Scheme 6). 
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Scheme 6 
 
Sulfamidates were prepared from enantiopure chiral diols 16. A variety of nucleophiles were 
found to open the sulfamidate effectively and the subsequent sulfamic acids were hydrolysed in 
acidic conditions. Simple functional group transformations allow isolation of the functionalised 
β-amino acids. In one example, a methylthiolate nucleophile was used to prepare amino acid 22 
(Scheme 7). 
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Scheme 7 
 
Sulfur-based nucleophiles generally undergo reaction with sulfamidates cleanly to give products 
with complete inversion of configuration (Scheme 8).11,12  
 
 
Scheme 8 
 
Enantiopure tertiary thiols can be derived from the products of this reaction (Scheme 9). 
 
 
Scheme 9 
 
 
1.1.1.2 Epoxide ring opening 
 
As we have seen, SN2 displacements in quaternary electrophiles require substrates specifically 
designed to support the process. Stabilised leaving groups and electron withdrawing, 
nonaromatic and small substituents are required to promote nucleophilic attack and avoid 
competing reaction pathways. 
 
An alternative method of promoting nucleophilic attack can be found in the opening of strained 
ring systems, such as epoxides. Under basic conditions, nucleophilic epoxide ring opening 
21 
 
occurs by an SN2 mechanism. Sulfur-based nucleophiles have been employed in nucleophilic 
additions to epoxides in hindered systems.13-18 
 
Most examples of epoxide ring opening at fully substituted carbon centres with sulfur-based 
nucleophiles occur in ring systems,13-17 steroidal systems in particular.13-15 
 
Nelson prepared thiol-containing androgen 28 by epoxide ring opening of compound 27 with 
potassium hydrogen sulfide (Scheme 10).13 
 
 
Scheme 10 
 
Sulfur-based epoxide ring opening was also employed as the key step in the total synthesis of 
(+)-BE-52440A 3117 (Scheme 11). Dimerisation of nanaomycin derivative 30 with a bridging 
sulfur occurs by regioselective SN2 epoxide opening of two molecules of 30. 
 
Scheme 11 
 
Reaction proceeds smoothly at room temperature; thioether 31 is isolated in 98 % yield after 
half an hour. 
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1.1.1.3 Mitsunobu reactions 
 
Each method for the preparation of enantiopure tertiary thiols or thioethers described so far has 
required the presence of an α-electron withdrawing group in the substrate or an α-hydroxyl 
group in the product, among other limitations. Preparation of simple organosulfur compounds 
cannot be achieved by any of these methods. 
 
The Mitsunobu reaction offers an operationally straightforward method of activating simple 
alcohols to SN2 substitution. Because of this, it has become a widely used method for 
constructing carbon-heteroatom bonds at stereocentres.19, 20  
 
Mitsunobu reaction proceeds by reaction of a phosphine and DIAD or DEAD with an alcohol to 
form an O-phosphinite leaving group (Scheme 12). The nucleophile is also activated for 
substitution. SN2 substitution occurs with formation of the phosphine oxide. 
 
 
Scheme 12 
 
Many examples of the use of sulfur nucleophiles in the Mitsunobu reaction exist20 but very few 
attempts have been made in carrying out substitution of O-phosphinites derived from tertiary 
alcohol substrates. 
 
A conversion of alcohols to thioethers has been reported by Walker involving the treatment of 
sulfenimides with tributylphosphine21 (Scheme 13). Addition of an alcohol generates an O-
phosphinite intermediate 37, which undergoes nucleophilic substitution to give thioethers. 
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Scheme 13 
 
This reaction was carried out with a wide range of primary and secondary alcohols affording 
thioether products in good yield. Tertiary alcohols, however, do not undergo reaction. 
 
A similar reaction using disulfides instead of sulfenimides as both the oxidising agent and the 
source of the sulfur nucleophile has been reported (Scheme 14).22  
 
 
Scheme 14 
 
Again, a range of primary and secondary alcohols undergo attack and inversion under these 
conditions promoted by high pressure, but tert-butanol fails to react under all attempted 
conditions. 
 
Mitsunobu-type reactions are very sensitive to steric bulk at the electrophilic carbon centre. Shi 
and co-workers highlighted the difficulty of promoting Mitsunobu reactions with tertiary 
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alcohol substrates.23 Reaction of alcohol 44 with a phenol under standard Mitsunobu conditions 
at 50 °C for 16 h provides only a trace amount of the desired chiral ether 45. Attempting the 
reaction again at 100 °C allowed isolation of the product 45 in moderate yield (Scheme 15). 
 
 
Scheme 15 
 
Several phenol nucleophiles were screened under these conditions with a similar alcohol 
substrate (Scheme 16). Again, only moderate yields of the substitution products are observed. 
 
 
Scheme 16 
 
The sensitivity of the process to steric bulk was highlighted when a comparison between 
diethyl-substituted and dimethyl-substituted alcohols 48a and 48b was carried out (Scheme 17). 
 
 
Scheme 17 
 
The dimethyl-substituted substrate undergoes substitution in 59 %. Reaction of substrate 48b, 
however, is very sluggish and the product of elimination 50 is observed as the major component 
of the reaction mixture. 
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Despite the reluctance of tertiary systems to undergo SN2 reaction, one example of a thiol 
nucleophile carrying out displacement of a tertiary alcohol under Mitsunobu conditions exists in 
the literature. La Clair reported the synthesis of the initially assigned structure of natural product 
hexacyclinol, 51 (Figure 4).24 
 
 
Figure 4 
 
The reported synthesis involved a Mitsunobu reaction at a very hindered quaternary centre, 
accomplishing inversion with thiophenol under mild reaction conditions in 94 % (Scheme 18). 
 
 
Scheme 18 
 
The previously discussed literature precedents for Mitsunobu reaction of tertiary alcohols 
highlight the remarkable success of this unlikely reaction under such mild conditions. This 
reaction and other unusual steps in the synthesis attracted scepticism among the synthetic 
community.25 The veracity of the synthesis was called into question when a revised structure of 
hexacyclinol was proposed by Rychnovsky.26 A successful synthesis of the revised structure 
matched the published data for the natural compound.27  
 
A modification of Mitsunobu reaction that allows access to sulfur-substituted tertiary carbons 
by inversion of stereochemistry was reported by Mukaiyama and co-workers.28, 29 This method 
employs benzoquinone derivatives instead of azodicarboxylates as the oxidising agent. A series 
of phosphinites was prepared by treatment of alcohols with chlorodiphenylphosphine in the 
presence of triethylamine and DMAP (Scheme 19). 
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Scheme 19 
 
SN2 reaction of these species proceeds by activation of the leaving group with a 1,4-
benzoquinone derivative; DBBQ (Figure 5) is most effective (Scheme 20). Addition of a thiol 
nucleophile results in SN2 inversion and isolation of the enantiopure tertiary thioether.  
 
 
Scheme 20 
 
Figure 5 
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A screen of thiol nucleophiles found that 2-sulfanyl-1,3-benzothiazole 62 (BtzSH, Figure 5) and 
2-sulfanyl-1,3-benzooxazole 63 (BoxSH, Figure 5) are most efficient for reaction. 
 
The reaction proceeds well with many hindered substrates incorporating aromatic, alkyl and 
ester substituents with excellent stereospecificity. Enantiomerically pure thiols can also be made 
from the products, aromatic thioether 64 is reduced with lithium aluminium hydride to give thiol 
65 in 95 % yield (Scheme 21). 
 
 
Scheme 21 
 
The methodology was later refined to allow substitution of alcohols in 1 step. 
Phenoxydiphenylphosphine was used to prepare the phosphinite intermediate and an azide was 
used as the oxidising agent instead of a benzoquinone derivative (Scheme 22).30-32 
 
 
Scheme 22 
 
 
Figure 6 
 
These conditions allow efficient preparation of chiral thioether products from hindered tertiary 
alcohols. However, the yield of simple alkyl-substituted thioether 68e is a disappointing 17 %. 
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As with other methods, the preparation of simple enantiomerically pure chiral tertiary thiols by 
Mitsunobu-type procedures is not straightforward. Mitsunobu reactions also suffer from 
significant atom inefficiency due to the stoichiometric quantities of large redox agents discarded 
from the reaction. This limits the synthetic utility of these processes. 
 
 
1.1.2 Conjugate addition 
 
The carbon-sulfur bond of enantiomerically pure tertiary organosulfur compounds may also be 
constructed by facially selective addition of a sulfur nucleophile to a disubstituted carbon of a 
carbon-carbon double bond (Scheme 23). 
 
 
Scheme 23 
 
Several examples of facially selective addition of thiols to substituted sp2 carbon atoms exist. 
Examples include intramolecular conjugate addition in steroidal systems33, 34 and intermolecular 
addition directed by substrate stereochemistry35, 36 or chiral auxiliary.37, 38 
 
Despite these examples, there are very few general procedures for the preparation of chiral 
tertiary thiols and thioethers by this method. This may be attributed to 3 conceptual difficulties: 
the decreased reactivity of β,β-disubstituted Michael receptors, the difficulty in controlling pi-
facial stereoselectivity and the equilibrium of stereoisomers through an addition/elimination 
mechanism. 
 
The reduced reactivity of β,β-disubstituted Michael receptors towards nucleophilic addition was 
highlighted in the report of an asymmetric catalytic addition of thiols to α,β-unsaturated 
ketones.39 (R)-LaNa3tris(binaphthoxide) (LSB) catalyses asymmetric addition to cyclic Michael 
substrates 71 (Scheme 24). 
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Scheme 24 
 
Products of addition are isolated in good yields and enantiomeric ratios. However, addition to 
substituted substrate 73 is more difficult. A higher loading of the catalyst and higher 
temperature are required to observe the enantioenriched thioether 74 in moderate yield (Scheme 
25). 
 
 
Scheme 25 
 
Despite the poor yield in this substrate, the authors went on to apply similar conditions to the 
catalytic kinetic resolution of the enantiomers of substrate 75 by addition, oxidation and 
elimination of a thiol nucleophile (Scheme 26).40  
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Scheme 26 
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Using AlLibis((R)-binaphthoxide) ((R)-ALB) as the catalyst with the addition of 4-
methoxyphenol provided the best conditions for resolution (Scheme 27). 
 
 
Scheme 27 
 
Xiao and co-workers developed an organocatalytic process for the addition of thiols to 
nitroalkenes.41 Enantioselective addition to the β-carbon of nitroalkene 79 allows preparation of 
thioether 80, a precursor to enantiomerically pure quaternary β-aminoacids (Scheme 28). 
 
 
Scheme 28 
 
Using thiourea organocatalyst 82 (Figure 7), conjugate addition of a variety of thiols to a range 
of nitroalkenes proceeds in good yield and good enantioselectivity (Scheme 29). 
 
 
Figure 7 
 
31 
 
 
Scheme 29 
 
To demonstrate the utility of this method in the preparation of amino acids, α-thio-β-amino acid 
87 was prepared from Michael adduct 85 in 3 steps (Scheme 30). The product was isolated in 
good yield and with full retention of enantiomeric ratio. 
 
 
Scheme 30 
 
Palomo and co-workers developed an alternative approach to overcoming the difficulties in 
carrying out enantioselective conjugate addition with sulfur-based nucleophiles.42, 43 They 
postulated that poor reactivity and facial selectivity could be minimised in an intramolecular 
approach. A Lewis acid-promoted sulfur migration process within N-enoyl oxazolidine-2-thione 
substrates followed by hydrolysis allows direct access to enantiopure tertiary thiols (Scheme 
31). 
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Scheme 31 
 
BF3⋅Et2O effects migration in both good yield and good diastereoselectivity. A series of 
migration substrates were shown to form tertiary thiols 92 effectively (Scheme 32). Poor 
diastereoselectivity is observed only when the electron rich para-methoxyphenyl substituent is 
present. 
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Scheme 32 
 
The absolute stereochemistry of thiol derivative 93 (Figure 8), determined by X-ray 
crystallography, shows that preferential attack upon the Si face of the enoyl β-carbon occurs 
(Model A, Figure 9), allowing minimal steric interactions with the iso-propyl group. 
 
 
Figure 8 
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Figure 9 
 
Facially selective conjugate addition allows access to several tertiary thiol and thioether 
structures. However, as with stereospecific nucleophilic displacement, only specific substrates 
are tolerated in these reactions. None of the discussed methods allows general access to simple 
chiral tertiary thiols. 
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1.2 Carbon-Carbon Bond Formation 
 
 
Selective carbon-carbon bond formation is vitally important in synthetic organic chemistry 
because of its fundamental necessity in constructing useful organic frameworks. In 200544 and 
201045 the Nobel Prize in chemistry was awarded for the development of efficient carbon-
carbon bond forming reactions.  
 
The inherent equality of electronegativity in homoatomic bonds provides a significant obstacle 
to their formation. Differences in electron density in bond-forming atoms must arise from the 
presence of electron-rich or electron-deficient substituents.  
 
Carbon atoms in organic molecules tend to be electrophilic. The advent of organometallic 
chemistry with the development of Grignard reagents allowed the easy preparation of simple 
carbon nucleophiles, giving straightforward construction of carbon-carbon bonds. Further 
developments in synthetic methodology have allowed the asymmetric construction of carbon-
carbon bonds at stereogenic centres. 
 
 
1.2.1 Electrophilic addition to α-thioenolates 
 
Diastereoselective alkylation of α-thioenolates has been used to prepare enantiomerically pure 
tertiary thioethers in a number of substrates.46-51 
 
Enantiomerically pure tertiary thiols can be prepared by applying a process developed by 
Seebach52 to reaction of α-thiocarboxylic acids with pivaldehyde to generate 1,3-oxathiolan-4-
ones 95 (Scheme 33).46, 47 
 
 
Scheme 33 
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When enantioenriched chiral α-thiocarboxylic acids are used, the cis diastereomer is formed 
preferentially. Separation of the diastereomers by crystallisation was demonstrated in almost all 
cases. Enolate 97 is formed by deprotonation with a lithium base and treated with an 
electrophile (Scheme 34). 
 
 
Scheme 34 
 
Electrophilic addition takes place diastereoselectively on the opposite face to the bulky tert-
butyl group. Oxathiolanone products 98 are isolated in excellent diastereoselectivities. 
 
This methodology was employed by Townsend and co-workers in the synthesis of (5R)-
thiolactomycin (Scheme 35).48 
 
 
Scheme 35 
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Diastereoselective addition of an aldehyde to oxathiolanone 100 affords substituted species 102 
in 81 % yield. Further synthetic manipulations allows preparation of (5R)-thiolactomycin 103 in 
>99:1 enantiomeric ratio. 
 
Enantiopure tertiary thiols can be liberated from the oxathiolanone products by hydrolysis 
(Scheme 36). 
 
 
Scheme 36 
 
This constituted the first general method for preparing simple non-racemic tertiary thiols. 
However, thiol products were limited to α-thiocarboxylic acids and esters and R2 has to be 
derived by alkylation. 
 
 
1.2.2 Electrophilic addition to α-thioorganolithiums 
 
Formation of carbon-carbon bonds adjacent to heteroatoms by lithiation of the carbon centre 
and subsequent reaction with an electrophile has become an important and versatile 
methodology in organic synthesis.53 Tertiary organosulfur compounds can be made in this way 
by lithiation of a secondary thiol derivative (Scheme 37). 
 
 
Scheme 37 
 
Preparation of enantiopure tertiary thiol derivatives by this method poses 3 requirements: 1) 
enantiopurity of the substrate, 2) configurational stability of the lithiated intermediate and 3) 
that electrophilic addition proceeds with either complete retention or complete inversion of 
stereochemistry. 
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1.2.2.1 Configurational stability in α-thioorganolithiums 
 
In contrast to α-oxy and α-aminoorganolithiums, α-thioorganolithium compounds show 
remarkable configurational lability even at -80 °C. This was demonstrated by McDougal and 
co-workers who quenched organolithium 110, generated by by lithiation of thioethers 109, with 
trimethylsilyl chloride (Scheme 38).54 
 
 
Scheme 38 
 
A mixture of diastereomers is observed from this reaction under a variety of conditions. 
Organolithium intermediates were also prepared from enantioenriched substrates by tin/lithium 
exchange (Scheme 39). After quenching, the diastereomeric ratio of the product was found to be 
independent of the diastereomeric composition of the substrate. 
 
 
Scheme 39 
 
This led to the conclusion that diastereoselectivity occurs by way of a thermodynamic 
equilibrium between configurationally unstable diastereomers of the lithiated intermediate at -78 
°C. 
 
Beak also noted configurational instability in the diastereoselective methylation of α-
thioorganolithium 114 (Scheme 40).55 
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Scheme 40 
 
Equilibration of diastereomers of organolithium 114 lead to the selective approach of the 
electrophile toward the axial position of the lithiated intermediate, leading to overall inversion 
of configuration. 
 
Hoffmann and co-workers studied α-thio, α-seleno and α-telluroorganolithiums in order to 
ascertain the rate-determining step of racemisation in these compounds.56, 57 They proposed a 
mechanism for racemisation (Scheme 41) by which the lithiated species 116 forms a solvent 
separated ion pair, 117, which then undergoes inversion at the carbanionic centre and rotation 
about the carbanion-heteroatom bond. Finally, recombination of the lithium-carbanion pair 
gives the enantiomer 121. 
 
 
Scheme 41 
 
Rotation about the carbanion-heteroatom bond was a necessary inclusion in the mechanism due 
to the fact that both α-thio and α-selenoorganolithiums are stabilised by negative 
hyperconjugation, i.e. the carbanion lone pair and the X-R bond are arranged antiperiplanar in 
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order to allow maximum delocalisation of the carbanion lone pair into the σ*X-R orbital. Upon 
inversion from 117/119 to 118/120 rotation about the carbanion-heteroatom bond is required to 
restore negative hyperconjugation. They tested for the rate-determining step in their proposed 
mechanism by first studying the effects of the solvent upon the activation barriers for 
racemisation. Coordinating solvents stabilise the solvent separated ion pair and so would 
promote the equilibrium from the contact ion pair to the solvent separated ion pair. α-
Selenoorganolithium 122 was used as a test substrate (Figure 10). 
 
 
Figure 10 
 
Enantiomerisation was followed by the coalescence of the 1H NMR signals of the diastereotopic 
protons of the benzyl group. Rates of racemisation were estimated from the coalescence 
temperatures in the 1H NMR spectrum (Table 1). 
 
Table 1 
Solvent ∆G‡ (kcal mol-1) 
THF 12.5 
Et2O 12.6 
Toluene + 3 equiv. THF 11.9 
Toluene + 2 equiv. THF 11.8 
Toluene + 1 equiv. THF 12.2 
 
 
The use of various solvents does not have any significant effect upon the barrier to racemisation. 
A greater solvent dependence would be expected if the equilibrium between the solvent 
separated ion pair and the contact ion pair was the rate-determining step of racemisation. 
Therefore, they proposed that either inversion or rotation about the carbanion-selenium bond 
was the barrier to racemisation. 
 
Previous studies into the rates of inversion in α-thio-substituted carbanions have shown that the 
barrier to inversion may be as low as 0.5 kcal.mol-1.58 They therefore assumed that inversion 
was unlikely to comprise the rate determining step. Attempts to influence the barrier to rotation 
about the carbanion-heteroatom bond were undertaken. A series of α-seleno, α-thio and α-
telluroorganolithium substrates 123 with substituents of varying steric bulk were prepared 
(Figure 11). 
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Figure 11 
Table 2 
X R ∆G‡ (kcal mol-1) 
Se H 12.4 
Se 2-Me 12.7 
Se 4-Me 12.3 
Se 2,4,6-Me3 >14.3 
Se 2,3,5,6-Me4 >14.5 
S H 11.3 
S 3-CF3 11.4 
S 4-OMe 11.4 
S 2,3,5,6-Me4 >13.9 
Te H 11.8 
Te 2,3,5,6-Me4 13.9 
 
 
The barrier to racemisation was found to increase with steric bulk on the heteroatom substituent 
(Table 2). This is consistent with rotation about the carbanion-heteroatom bond being the rate-
determining step of racemisation. 
 
Reich and co-workers also studied the mechanism of racemisation of α-thioorganolithiums 
using species 124 as an example (Scheme 42).59 The 7Li NMR spectrum of the substrate was 
followed with increasing concentration of HMPA. 
 
 
Scheme 42 
 
3 equivalents of HMPA are required to produce the solvent separated ion pair 125. It might be 
expected that the barrier to racemisation would be lower in the solvent separated ion pair. 
However, they discovered that racemisation in this state was in fact 20 times slower than in the 
lithiated form. This observation correlates with Hoffmann’s hypothesis that the rate-determining 
step is associated with rotation about the carbanion-heteroatom bond as the solvent separated 
ion pair should show greater stabilisation due to increased negative hyperconjugation, raising 
the barrier to racemisation. 
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1.2.2.2 Lithiation of thiocarbamates 
 
Hoppe and co-workers applied the observations of Hoffmann and Reich in comprehensive 
studies upon configurationally stable α-lithiothiocarbamates. Their first report of a 
configurationally stable lithiated thiocarbamate came after attempting stereoselective 
deprotonations of thiocarbamate 126 in the presence of (-)-sparteine (Scheme 43, Figure 12).60 
 
 
Scheme 43 
 
 
Figure 12 
 
Trapping the lithiated intermediate with electrophiles gives products with poor 
enantioselectivities. This may be attributed to one of two factors: either the lithiated species is 
configurationally labile and exists in a thermodynamically defined equilibrium, or is 
configurationally stable and (-)-sparteine is not sufficiently able to distinguish between the 
enantiotopic protons. To determine which of these factors governs the electrophilic substitution 
of thiocarbamate 126, they made use of an extremely high kinetic H/D isotope effect observed 
for deprotonation in similar compounds.61 Reaction upon a test substrate demonstrated an 
isotope effect of kH/kD ≥ 100. A racemic mixture of deuterated substrate 130 was lithiated in the 
presence of (-)-sparteine and then quenched with trimethylsilyl chloride (Scheme 44).  
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Scheme 44 
 
Silylated adduct 131 containing >99 % deuterium with an enantiomeric ratio of 67:33 is isolated 
from the reaction. This indicates that lithiated thiocarbamate 130 is configurationally labile 
under these conditions. 
 
In order to induce configurational stability, thiocarbamate 132, with increased steric bulk, was 
prepared with an enantiomeric ratio of 73:27. Lithiation was carried out with sec-butyllithium in 
diethyl ether and TMEDA at -78 C for 2.5 hours followed by quenching with MeOD (Scheme 
45). 
 
 
Scheme 45 
 
Deuterated thiocarbamate 131 was isolated with an enantiomeric ratio of 72:28, almost full 
retention of enantiopurity. This observation of a configurationally stable α-thioorganolithium 
was expanded upon and applied in carrying out stereoselective electrophilic substitutions. 
 
Lithiated benzylic thiocarbamate 134 was also shown to be configurationally stable in diethyl 
ether and TMEDA at -78 °C.62, 63 Reaction with a series of electrophiles allows isolation of 
functionalised thiocarbamates 136 in excellent yield and enantiomeric ratio (Scheme 46). 
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Scheme 46 
 
Interestingly, the vast majority of electrophiles react with complete inversion of 
stereochemistry. 
 
Enantiomerically pure tertiary thiols can be liberated from the substitution products by cleavage 
of the carbamoyl functionality (Scheme 47). 
 
 
Scheme 47 
 
Enantiopure cyclohexenyl thiocarbamates also form configurationally stable α-thioallyllithium 
species.64-66 Lithiation of thiocarbamate 138 followed by methylation results in the isolation of 
regioisomeric products arising from electrophilic substitution at either end of the lithioallyl 
system (Scheme 48). 
 
 
Scheme 48 
 
The γ-substituted product 140 is formed preferentially. Using a diisopropyl protecting group on 
nitrogen allows the selective formation of the α-substituted product 142 (Scheme 49). 
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Scheme 49 
 
Treatment of the functionalised thiocarbamate products with lithium aluminium hydride affords 
enantiomerically pure thiols in excellent yield and enantiomeric ratio. 
 
Therefore, carbon-carbon bond formation in configurationally stable α-thioorganolithiums 
allows access to non-racemic tertiary thiols of varying structure and complexity. Hoppe’s 
extensive studies of lithiated thiocarbamates continued to display the synthetic utility of these 
species. Enantiomerically pure secondary thiol derivatives were prepared by diastereoselective 
electrophilic additions in proline-derived systems67, 68 and asymmetric alkylation of 
thiocarbamates in the presence of a chiral ligand.69, 70 
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Chapter 2: 
Previous work and aims of the project 
 
 
2.1 Discovery of aryl migration in lithiated ureas 
 
As part of a survey of the ability of ureas to direct regioselective metallation, an aryl transfer 
rearrangement in lithiated benzylic ureas was uncovered.71 Previous work had established a 
protocol for regioselective ortholithiation72 (Scheme 50) and lateral lithiation73 (Scheme 51) in 
N,N’-diarylureas. 
 
 
Scheme 50 
 
 
Scheme 51 
 
A study of urea 150 was carried out in order to determine whether lateral lithiation (position 1), 
ortholithiation (position 2) or N-benzylic lithiation (position 3) is preferred (Scheme 52).71 Urea 
150 was lithiated with sec-butyllithium in THF at -78 °C. Subsequent methylation with 
iodomethane was expected to occur at the site of deprotonation. 
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Scheme 52 
 
After quenching and work up, an unstable indigo compound 151 was isolated in low yield. Aryl 
migration from nitrogen to the benzylic carbon had taken place, followed by dearomatising 
methylation in the para position of the benzylic aromatic ring, presumably due to steric 
hindrance at the deprotonated benzylic position. A similar dearomatising quench of lithiobenzyl 
carbamates has previously been reported (Scheme 53).74 
 
 
Scheme 53 
 
The nitrogen to carbon aryl migration observed in the lithiation of urea 150 is reminiscent of the 
Truce-Smiles rearrangement75 and related aryl transfers in lithiated N-arylbenzylamines are 
known.76, 77 Replacing the iodomethane with an aqueous quench afforded urea 156 in 89 % yield 
(Scheme 54). 
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Scheme 54 
 
Further studies showed that this aryl migration in benzylic ureas is tolerant of a wide variety of 
substitution on the migrating aryl ring (Scheme 55). Ureas 158 are isolated in good to excellent 
yields. 
 
 
Scheme 55 
 
Aryl migration in enantiomerically pure ureas with α-benzylic substitution requires a more 
coordinating solvent system to promote aryl migration to the more hindered benzylic carbon 
(Scheme 56). Aryl migration was found to be highly stereospecific and rearranged ureas are 
isolated in generally excellent yield and enantiomeric ratio.71, 78 Again, a wide variety of 
substrates is tolerated. 
 
 
Scheme 56 
 
Cyclic ureas also undergo rearrangement but aryl migration proceeds without stereospecificity 
(Scheme 57).79 
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Scheme 57 
 
Deprotection of ureas allows access to enantiopure α-tertiary amines. Deprotection can be 
carried out by hydrolysis in n-butanol at 118 °C78 or over 2 steps by N-nitrosation followed by 
hydrolysis at 80 °C for 2 days71 (Scheme 58). 
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Scheme 58 
 
The possibility of an intermolecular arylation mechanism was ruled out by lithiation of a 
mixture of substrates 166 and 167 (Scheme 59). Only products of intramolecular aryl migration 
are observed from the reaction mixture. 
 
 
Scheme 59 
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Aryl migration was proposed to occur via nucleophilic attack of the benzylic carbon upon the 
migrating aryl ring (Scheme 60). 
 
 
Scheme 60 
 
Evidence for the existence of a dearomatised intermediate related to intermediate 171 was found 
when dried air was bubbled through the reaction mixture resulting from the lithiations of ureas 
173a and 173b (Scheme 61). Enones 174a and 174b were isolated in moderate yield, 
presumably arising from oxidative trapping of the dearomatised intermediate. 
 
 
Scheme 61 
 
 
174b 
Figure 13 
 
X-ray crystallography confirmed the structure and absolute stereochemistry of enone 174b 
(Figure 13).  
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2.2 Application to carbamates 
 
Aryl migration in N-benzylic ureas allows preparation of enantiomerically pure α-tertiary 
amines. Studies turned to applying this protocol to O-benzylic carbamates.80 Should 
stereospecific aryl migration occur in lithiated carbamate substrates, preparation of 
enantiomerically pure tertiary alcohols could be achieved. 
 
A series of racemic O-α-methylbenzylcarbamates 175 were prepared and lithiated at -78 °C 
(Scheme 62). 
 
 
Scheme 62 
 
Rearranged carbamates 176 are isolated in generally good yield. However, rearranged products 
isolated from the lithiation of enantiomerically pure substrates under these conditions were 
found to be racemic. α-Oxybenzyllithiums display low configurational stability in strong lithium 
coordinating solvents81 and so lithiation of carbamate 175a was carried out in the absence of 
THF and DMPU (Scheme 63). 
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Scheme 63 
 
Stereoselectivity was observed in this case and carbamate 176a is isolated in moderate 
enantiomeric ratio. The use of a less coordinating solvent system results in hampered reactivity; 
50 % of product 176a is returned, down from 85 % when lithiation was carried out in a 
THF/DMPU solvent mixture. Improved stereoselectivity was observed when lithiation of 175b 
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was carried out with LDA and the reaction mixture was allowed to warm slowly to -35 °C 
(Scheme 64). 
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Scheme 64 
 
Comparison of chromatographic and polarimetric data with known compounds indicated that 
aryl migration in carbamates proceeds with inversion of configuration at the benzylic carbon. 
Alcohols can be prepared from the products of aryl migration by refluxing in ethanol with 
sodium ethoxide (Scheme 65). 
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Scheme 65 
 
Despite the slightly lower stereoselectivity displayed by aryl migration in lithiated carbamates, 
this preparation of enantioenriched tertiary alcohols was applied to the first reported asymmetric 
synthesis of the antihistamine drug clemastine (Scheme 66).82 
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Scheme 66 
 
 
2.3 Aims of the project 
 
Aryl migration in lithiated ureas and carbamates has been shown to be a synthetically useful 
approach to the preparation of enantiomerically enriched α-tertiary amines and tertiary alcohols. 
The aim of this project was to apply this process to the synthetically challenging asymmetric 
preparation of enantiomerically pure tertiary thiols. 
 
The previously discussed work of Hoffmann, Reich and Hoppe indicates that lithiated S-
benzylic thiocarbamates 181 may be configurationally stable (Scheme 67). Stereospecific aryl 
migration within these substrates would allow isolation of enantiopure rearranged 
thiocarbamates 182. 
 
 
Scheme 67 
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Development of conditions for the deprotection of the rearranged thiocarbamates would allow 
access to tertiary thiols (Scheme 68). 
 
 
Scheme 68 
 
The work described in this thesis studied the realisation of this prospective rearrangement of 
thiocarbamates and investigated its scope and utility in the asymmetric synthesis of thiols. 
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Chapter 3: 
Preparation of thiocarbamate precursors 
 
 
3.1 Approach to thiocarbamates 
 
In order to study the scope and limitations of a prospective aryl migration we needed to prepare 
a series of S-benzylic thiocarbamates 180 with varying functionality. Compounds of this type 
could be prepared by nucleophilic addition of an enantioenriched thiol to an acyl electrophile 
(Scheme 69). 
 
 
Scheme 69 
 
Hoppe has already shown the viability of this approach in the preparation of thiocarbamates.63 
Benzylic thiol 184a can be coupled with a carbamoyl chloride derivative of an amine (Scheme 
70).  
 
 
Scheme 70 
 
Therefore, an efficient preparation of thiocarbamates required a robust preparation of 
enantioenriched benzylic thiols. 
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3.2 Preparation of thiol 184 
 
Thiol 184a may be prepared from enantiopure alcohol 186a (Scheme 71). Hoppe showed that 
Mitsunobu reaction of the alcohol with thioacetic acid as the nucleophile affords a thioacetate 
product 187a with inversion of configuration at the benzylic centre. Deprotection by reduction 
with lithium aluminium hydride generates the requisite thiol.63 
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Scheme 7163 
 
This preparation of thioacetate 187a by Mitsunobu reaction was attempted employing the same 
conditions as Hoppe. Purification of the product, however, proved difficult and two successive 
attempts employing flash column chromatography were required to separate the product from 
impurities. Thioacetate ±187a was isolated in 26% yield (Scheme 72). 
 
 
Scheme 72 
 
The disappointing yield and difficult purification arising from this procedure led to the search 
for an alternative preparation of thioacetate 187a. 
 
Mukaiyama and co-workers reported a convenient method of activating alcohols to SN2 
substitution by sulfur nucleophiles using the Vilsmeier reagent ((chloromethylene)-
dimethylammonium chloride) (Scheme 73).83  
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Scheme 7383 
 
Aromatic thiols were almost exclusively used as nucleophiles in the reaction. In one instance, 
however, thioacetic acid was employed as the nucleophile displacing the leaving group with 
complete inversion of configuration and in good yield (Scheme 74). 
 
HO
1.
Cl N
Cl
2. O
SH
Et3N, THF, 4 h
S
O
83 %
> 99:1 er
186a 187a
 
Scheme 7483 
 
The literature reaction was carried out in our hands (Scheme 75). DMF was treated with oxalyl 
chloride at 0 ºC to form the Vilsmeier reagent. Addition of alcohol 186a, thioacetic acid and 
triethylamine afforded thioacetate 187a. 
 
 
Scheme 75 
 
This reaction gave varying stereoselectivity when carried out in THF. It was thought that THF 
may be promoting a competing SN1 reaction pathway, resulting in the loss of stereochemical 
integrity.84 Carrying out the reaction in DCM solved the problem of consistency in 
stereoselectivity without a decrease in product yield. Repeating the reaction with enantiopure 
alcohol gave compound 187a with an enantiomeric ratio of 98:2. 
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Thiol 184a could be made by reduction of thioacetate 187a with lithium aluminium hydride 
(Scheme 76). 
 
 
Scheme 76 
 
Reduction was carried out with diethyl ether as the solvent under reflux for 1.5 hours. Thiol 
184a was identified by 1H NMR. Due to the difficulties in handling thiol 184a was used in the 
next step without further purification. 
 
 
3.3 Preparation of a series of thioacetates 
 
In order to vary the functionality incorporated into the thiocarbamate lithiation substrates, a 
series of thioacetates was prepared. 
 
Alcohols 186b and 186c were not commercially available. These may be synthesized by 
asymmetric reduction of acetophenones 191 and 192 (Scheme 77).  
 
 
Scheme 77 
 
Ruthenium-catalysed asymmetric reduction of ketones has become a standard method for the 
preparation of enantiomerically enriched alcohols.85 However, reduction of ketones such as 
acetophenones, without a directing group present on the molecule, by ruthenium catalysis has 
traditionally been problematic. Noyori and co-workers made a breakthrough in this area when 
they discovered that the use of a protic diamine ligand for ruthenium acted as a hydrogen bond 
donor in the catalytic pathway, remarkably increasing the activity of the catalyst.86 Use of chiral 
diamine ligands allowed access to simple enantiomerically pure secondary alcohols. 
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Alcohols 186b and 186c were synthesized from the corresponding acetophenones 191 and 192 
by catalytic asymmetric transfer hydrogenation87, 88 (Scheme 78). Transfer hydrogenation with 
formic acid was used due to the safety and operational simplicity of the process. No molecular 
hydrogen gas or elevated pressures are required to carry out reduction.  
 
 
Scheme 78 
 
 
Figure 14 
 
The corresponding thioacetates 187b and 187c were prepared. Compound 187b was obtained in 
45 % yield from the enantiomerically pure alcohol. Compound 187c was found to contain an 
inseparable impurity and so was used directly without further purification. The enantiomeric 
ratio of the thiocarbamate formed from thiocetate 187b was 96:4 (see section 3.7, page 67).  
 
Despite thioacetate 187c being prepared from enantiomerically pure alcohol 186c, the 
thioacetate returned was shown to be racemic by polarimetry. The alcohol substrate contains an 
electron rich aromatic ring which stabilises a benzylic carbocation. Because of this an SN1 
reaction pathway may be promoted over the desired SN2 mechanism.84 
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Thioacetates 187d, ±187e and 187f were also prepared (Scheme 79). 
 
Scheme 79 
 
Thioacetate 187d was isolated in a disappointing 18 % yield. Thioacetates ±187e and 187f 
contained inseparable impurities and were directly carried on to the next synthetic step. 
Enantiomeric ratios of the thiocarbamates formed from thioacetates 187d and 187f were 99:1 
and 79:21, respectively (see section 3.7, page 67). 
 
Preparation of these thioacetate substrates allowed efficient access to benzylic thiol coupling 
partners through reduction with lithium aluminium hydride (see section 3.7, page 66). Attempts 
at preparing thiocarbamates from these were undertaken. 
 
 
3.4 Addition to isocyanates 
 
Thiocarbamates can be prepared by addition of a sulfur-based nucleophile to an isocyanate 
(Scheme 80). 
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Scheme 80 
 
Extension of this principle has resulted in development of a variety of methodologies for the 
preparation of thiocarbamates from isocyanates.89-93 This reactivity has also been exploited in 
the synthesis of the thiocarbamate natural product Brussalexin A (199, Scheme 81).94 
 
 
Scheme 81 
 
We thought that we could prepare thiocarbamate substrates for aryl migration in a similar way 
(Scheme 82). Addition of a benzylic thiol 184 to an isocyanate would form thiocarbamate 200. 
Subsequent methylation of the nitrogen would give the requisite lithiation substrate. 
 
 
Scheme 82 
 
To this end, thiol ±184a was treated with 4-methoxyphenyl isocyanate (Scheme 83). 
Thiocarbamate ±200a was isolated in 39 % yield and so methylation was attempted by 
deprotonation with sodium hydride followed by methylation with iodomethane. 
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Scheme 83 
 
Unfortunately, this yielded none of the expected methylated thiocarbamate. A second attempt 
was made, this time employing a one-pot procedure where methylation occurs directly upon the 
initially formed thiocarbamate (Scheme 84). In this case, sodium hydride was added initially to 
thiol ±184a in order to promote nucleophilicity. 
 
 
Scheme 84 
 
The methylated thiocarbamate ±180c was isolated in a poor 11 % yield over 2 steps from the 
thioacetate. Also observed from the reaction was sulfide 202, tentatively assigned by 1H NMR, 
which may have been formed from methylation of unreacted thiol ±184a. 
 
Hoppe noted that thiocarbamates containing an N-H bond, once deprotonated, can undergo a 
deprotection where an isocyanate is formed and the thiolate anion is released. Lithiated 
thiocarbamate 203 undergoes rearrangement at 0 °C involving the extrusion of the thiolate anion 
and recombination through attack of the lithioallyl system (Scheme 85).66 
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Scheme 85 
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This instability of N-H thiocarbamates under basic conditions may account for the poor yield of 
compound ±180c observed from the addition of thiol ±184a to isocyanate 201a. Further studies 
have also noted and exploited this reactivity of N-H thiocarbamates (see section 4.3, page 78). 
 
Due to this poor reactivity, alternative methods for the preparation of thiocarbamate substrates 
were explored. 
 
 
3.5 Addition to carbamoyl chlorides 
 
As shown above (Scheme 70), Hoppe has previously prepared thiocarbamates by addition of a 
thiol to a carbamoyl chloride coupling partner 206. This procedure could also be used for the 
preparation of thiocarbamate substrates for aryl migration where an N-aryl-N-methylcarbamoyl 
chloride might be employed (Scheme 86). 
 
 
Scheme 86 
 
Triphosgene 208 has become a standard reagent for the preparation of carbamoyl chlorides from 
amines.95 It embodies significant advantages over the classical use of phosgene, specifically its 
ease of handling and reduced exposure potential. Reaction of an appropriate N-methylaniline 
with triphosgene would generate a suitable carbamoyl chloride for the preparation of 180. 
 
A one-pot procedure was carried out where carbamoyl chloride 206a was generated in situ. 
Addition of thiol ±184a would displace chloride, forming thiocarbamate ±180a (Scheme 87). 
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Scheme 87 
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Thiocarbamate ±180a was not observed in the product mixture. Instead, carbamoyl chloride 
206a was isolated as a colourless crystalline solid. The free thiol did not show sufficient 
nucleophilicity to displace the chloride leaving group under these reaction conditions. 
 
An alternative one-pot procedure was carried out in which thiol ±184a was treated with 
triphosgene. It was hoped that intermediate ±209 would be generated and that aniline 207a 
would nucleophilically displace chloride (Scheme 88). 
 
 
Scheme 88 
 
Unfortunately, thiocarbamate ±180a was not formed and no evidence for the formation of 
intermediate ±209 was observed. Later studies showed that adduct ±209 could be formed by 
reaction of thiol ±184a with triphosgene for 9 days (see section 3.8, page 70). 
 
A second attempt at displacing chloride from 206a with thiol ±184a was carried out. A catalytic 
quantity of DMAP was added to the reaction mixture in order to promote displacement of 
chloride (Scheme 89). Thiocarbamate ±180a was isolated in 70 % yield. 
 
NH
Cl3CO OCCl3
O
207a
208
N Cl
O
HS Ph
±184a
206a
N S
O
Ph
±180a
Et3N,
DMAP (0.1 eq),
DCM, 90 min
70 %
4 days
 
Scheme 89 
 
Later studies into the nucleophilic addition of thiols to acid chlorides found that reactivity was 
enhanced when the thiol was treated with sodium hydride before addition of carbamoyl chloride 
(see section 4.4, page 82). 
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With this promising result, a series of N-methylanilines were treated with triphosgene in order 
to prepare a variety of carbamoyl chlorides as precursors to thiocarbamates (Scheme 90). 
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Scheme 90 
Table 3 
207 R t (h) 206 (%) 
a 4-Me 1.5 81 
b 2-Me 1.5 0 
c 4-Cl 1.5 0 
d 2-OMe 1.5 0 
e 4-OMe 1.5 89 
f 2,3-Benzo 22.5 88 
 
 
N-Methyl-1-naphthylamine 207f was made in two steps from 1-naphthylamine via its 
carboxybenzyl derivative and subsequent reduction with lithium aluminium hydride. 
 
Table 3 shows that carbamoyl chlorides bearing 4-methyl, 4-methoxy and 2,3-benzyl 
substitution on the aromatic ring were prepared in good yield. Reactions ofsubstrates 207b, 
207c and 207d failed to give the expected products. The electron deficient aryl ring of aniline 
207c may hinder reaction in that case. Anilines 207b and 207d both possess ortho substituents 
which pose greater steric hindrance to reaction. The reaction of N-methyl-1-naphthylamine 
proceeded well over 22.5 hours. This suggests that reactions of the ortho-substituted anilines 
might be more successful over longer reaction times. 
 
Each of these compounds except 206d has been previously prepared by treatment of aniline 207 
with excess phosgene preformed from triphosgene over 6 hours.96 Modification of the reaction 
conditions above may have provided more efficient preparation of carbamoyl chlorides 206. 
 
However, the practicality of this approach to thiocarbamates was brought into question when 
the preparation of thiocarbamate ±180a was repeated with the previously prepared 4-tolyl-N-
methylcarbamoyl chloride 206a. The same reaction conditions failed to afford the expected 
thiocarbamate. Further characterisation confirmed that 206a had decomposed under ambient 
conditions. A more robust and reliable preparation of thiocarbamates was therefore desired. 
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3.6 Addition to carbamoylimidazolium salts 
 
Jencks showed that carbonylimidazolium species could be used as effective acyl electrophiles, 
establishing that acylimidazolium salts react more rapidly with nucleophiles than their 
acylimidazole analogues.97 In 1998, Batey and co-workers reported the use of 
carbamoylimidazolium salts in the preparation of unsymmetrical ureas.98  
 
Carbamoylimidazolium salts 212 are prepared by methylation of carbamoylimidazole 211, 
prepared by treatment of an amine with carbonyldiimidazole (CDI) (Scheme 91). The 
unsymmetrical urea is formed by displacement of the imidazole by a second amine. 
 
 
Scheme 91 
 
Batey went on to apply this methodology to the synthesis of a number of carbonyl containing 
compounds.99 Significantly, he showed that thiols cleanly react with carbamoylimidazolium 
salts allowing thiocarbamates to be prepared in this way.100 Selected examples are shown in 
Scheme 92. 
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Scheme 92 
 
With a view to using this route to prepare a series of benzylic thiocarbamates for lithiation, a 
series of carbamoylimidazolium salts were prepared over 2 steps from commercially available 
or previously prepared N-methyl-N-arylanilines employing conditions used by Batey (Scheme 
93, Figure 15). 
 
 
Scheme 93 
 
 
 
67 
 
 
Figure 15 
 
Preparation of both the carbamoylimidazole and carbamoylimidazolium adducts proceeds well 
in all cases with the isolation of all products in good yield and without the need for further 
purification. 
 
 
3.7 Preparation of chiral benzylic thiocarbamates 
 
Preparation of benzylic thiocarbamate substrates proceeded by reaction of benzylic thiols with 
the prepared carbamoylimidazolium salts (Scheme 94, Figure 16). As mentioned above, thiols 
were obtained in a crude form and reacted on directly. This was done in order to minimise 
handling of these odorous compounds. Unless otherwise noted, yields are over 2 steps from 
thioacetate 187. 
 
 
Scheme 94 
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Figure 16 
 
Thiocarbamates were isolated in generally good yield and high enantiomeric purity.  
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3.8 Preparation of heteroaromatic benzylic thiocarbamates 
 
In studying the scope of aryl migration we wanted to determine the feasibility of migrating 
heteroaromatic rings onto the carbon stereocentre. To do so, we hoped to prepare thiocarbamate 
±180q (Scheme 95). Employing carbamoylimidazolium adducts would require preparation of 
adducts 221k and 222k. 
 
 
Scheme 95 
 
Reaction of N-methyl-4-aminopyridine with two equivalents of CDI appeared to show the 
presence of derivative 221k by TLC analysis. Usually, excess CDI is separated from the product 
of reaction by extraction with water. Compound 221k, however, proved to be water soluble. 
Purification by flash column chromatography also appeared unfeasible due to co-elution of 
compound 221k and CDI on TLC. 
 
Should intermediate 221k be isolated, subsequent methylation would be problematic. pKa 
values for compounds 223 and 224 (Figure 17)101, 102 indicate that the pyridyl nitrogen of 
compound 221k is more basic than the imidazole nitrogen. As such, selective methylation of the 
imidazole nitrogen would be unlikely. 
 
 
Figure 17 
 
No precedent for the selective methylation of an imidazole nitrogen in the presence of a pyridyl 
ring exists in the literature. Because of this, preparation of thiocarbamate 180q via 
carbamoylimidazolium salts was abandoned. 
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The approach to thiocarbamate 180q via its carbamoyl chloride adduct was attempted. Stirring 
N-methyl-4-aminopyridine 207k with triphosgene in the presence of triethylamine for two days 
did not afford carbamoyl chloride 206k as hoped (Scheme 96). 
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Scheme 96 
 
We thought that a pyridyl thiocarbamate may be accessed by coupling of an N-H thiocarbamate, 
such as thiocarbamate 225, with a pyridyl halide (Scheme 97). 
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Scheme 97 
 
The copper-mediated Ullmann reaction could provide conditions for carrying out this coupling. 
The Ullmann reaction has been extensively applied to the arylation of ureas and other 
nucleophilic nitrogen-containing compounds.103 However, the Ullmann reaction requires high 
temperatures for reaction to occur and yields are generally moderate. 
 
Previous studies within the group have shown that ureas with an appending heteroaromatic ring 
are most efficiently prepared by a Buchwald-Hartwig-type coupling of the appropriate aryl 
halide with a urea.78 We thought a similar procedure may allow the preparation of 
heteroaromatic thiocarbamates. 
 
Thiocarbamate ±225a was prepared by reaction of thiol ±184a with triphosgene and subsequent 
amination with methylamine (Scheme 98). 
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Scheme 98 
 
Despite requiring long reaction times, this sequence of reactions worked well in relation to 
previous difficulties in preparing thiocarbamates by a similar route (see Scheme 88, page 62). 
Formation of the carbamoyl chloride was allowed to proceed over an extended period of time. 
Also, four equivalents of amine were used in the second step of the sequence. 
 
Coupling of 2-bromopyridine 227 to thiocarbamate ±225a was attempted using standard 
amination conditions (Scheme 99). 
 
 
Scheme 99 
 
Unfortunately, none of the expected thiocarbamate was isolated from the reaction mixture. 
Instead, aryl sulfide 228 was isolated in 82 % yield. Isolation of 228 indicates that coupling had 
taken place between 2-bromopyridine and thiol ±184a. Deprotection of N-H thiocarbamates 
under basic conditions has been shown to occur (see Scheme 85, page 60); it is likely that this 
deprotection of ±225a occurs under these coupling conditions. Palladium-catalysed coupling of 
aryl halides with thiols under very similar reaction conditions has been reported previously.104 
 
The Ullmann reaction also requires basic conditions and high temperatures for reaction to occur. 
It has been applied to the arylation of thiocarbamates only in cyclic systems where a sulfur 
elimination mechanism is disfavoured.105 
 
We thought that Ullmann reaction would probably lead to the formation of the aryl sulfide as 
the palladium-catalysed conditions did. Because of this and other difficulties described above, 
no further attempts were made to prepare heteroaromatic thiocarbamates. 
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3.9 Preparation of achiral benzylic thiocarbamates 
 
A series of benzylic thiocarbamates without alkyl substitution on the benzylic carbon were also 
prepared (Scheme 100, Figure 18). These achiral thiocarbamates were prepared by reaction of 
commercially available benzylic thiols with carbamoylimidazolium salts described above. 
 
 
Scheme 100 
 
 
 
Figure 18 
 
 
3.10 Preparation of racemic thiocarbamates 
 
Where enantiomerically pure thiocarbamates were prepared, racemic reference samples were 
required in order to determine enantiomeric ratios by chiral HPLC. ±180j, ±180l and ±180o 
were prepared in the same way as the enantiopure thiocarbamates, employing racemic benzylic 
alcohols in the first step of the synthesis. Racemic analogues of thiocarbamates prepared from 
thiol 184a could be prepared from the commercially available thiol ±184a. These 
thiocarbamates were prepared as shown in Scheme 101 and Table 4. 
 
 
Scheme 101 
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Table 4 
±180 Yield (%) 
a 96 
b 78 
c 80 
d 93 
e 79 
f 95 
g 63 
h 92 
i 94 
 
 
In order to prepare thiocarbamate ±180k, alcohol ±186b was required. Reduction of 3-
trifluoromethylacetophenone 191 with lithium aluminium hydride afforded the alcohol in 
excellent yield (Scheme 102) and this was converted to thiocarbamate ±180k as previously 
described. 
 
 
Scheme 102 
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Chapter 4: 
Initial studies and optimisation of aryl migration 
 
 
4.1 Initial lithiations of benzylic thiocarbamates 
 
Aryl migration in benzylic ureas was accomplished with a high degree of stereospecificity 
employing sec-butyllithium in a solvent mixture of THF and DMPU (4:1) at -78 °C.71 Because 
of this, our first attempt at aryl migration in benzylic thiocarbamates was carried out using these 
same conditions (Scheme 103). 
 
 
Scheme 103 
 
None of the rearranged thiocarbamate ±182a was isolated from the reaction mixture. 
Remarkably, thiol ±183a was isolated in 55 % yield. This indicates that aryl migration occurs 
followed by an in situ deprotection. 
 
Subjecting thiocarbamate ±180b to the same reaction conditions resulted in the isolation of thiol 
±183b in a similar yield (Scheme 104). 
 
 
Scheme 104 
 
This in situ deprotection has not been observed in the lithiation of ureas or carbamates. 
Deprotection of the products of aryl migration in ureas is generally carried out overnight by 
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hydrolysis at high temperature in n-butanol or over two steps – N-nitrosation followed by 
hydrolysis at 80 °C for 2 or 3 days. 
 
The observed reaction in thiocarbamates might proceed with lithiation at the benzylic position 
followed by aryl migration (Scheme 105). Deprotection may occur under reaction conditions, 
upon quenching or during work up. 
 
 
Scheme 105 
 
As discussed in the previous chapter, Hoppe has observed decomposition of lithiated N-H 
thiocarbamates, such as rearranged product 232, upon warming to 0 °C.66 
 
Should this deprotection occur during or after quenching with methanol, using a more acidic 
quenching agent might allow isolation of the rearranged thiocarbamate. Thiocarbamate ±180b 
was once again subjected to lithiating conditions, quenching with saturated aqueous ammonium 
chloride (Scheme 106). Pleasingly, the thiocarbamate product of aryl migration ±182b was 
isolated from the reaction in an improved yield.  
 
 
Scheme 106 
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This indicates that the lithiated thiocarbamate is stable at -78 °C and that, in line with Hoppe’s 
observations, deprotection occurs upon warming under basic conditions after quenching with 
methanol. Later studies have shown that it is possible to isolate the rearranged thiocarbamate by 
quenching with methanol and then acidifying reaction conditions at -78 °C (see section 4.8, 
page 87).  
 
Rearranged thiocarbamate ±182a was also isolated using a similar procedure (Scheme 107). 
 
 
Scheme 107 
 
 
4.2 Dithioacetal side-product 
 
During the course of the initial studies into aryl migration where methanol was used as a 
quenching agent, a side-product was observed in some reactions (Scheme 108). 
 
 
Scheme 108 
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In both cases, lower yields of rearranged thiol than had previously been isolated were obtained. 
1H NMR analysis of the side-products showed they had similar features to the rearranged thiols. 
However, the 1H NMR spectrum of 233b contained an unusual multiplet at 3.1 ppm (Figure 19). 
 
 
Figure 19 
 
This appeared to show the presence of two species; A in which this signal is a singlet and B in 
which two doublet signals couple to each other. The peaks for these two states integrate in a 
ratio 1:1. A coupling constant of J = 11.6 Hz was measured for the two peaks in species B. This 
is consistent with the presence of an AB system where two geminal protons couple together. 
This raised the possibility that this side-product could be a dimer of two rearranged molecules. 
A tentative structure was assigned (Figure 20). 
 
 
Figure 20 
 
This structure contains two stereocentres. From the reaction of a racemic substrate 50% of this 
material will contain stereocentres of the same configuration and 50% will contain stereocentres 
of opposing configuration. In the case of the former, both diastereotopic protons on the 
methylene group reside in equivalent chemical environments. This would be observed as a 
single peak in 1H NMR. In the molecule in which the configuration of the stereocentres is 
opposing, the methylene protons reside in differing chemical environments and so an AB 
system would be observed in 1H NMR. As such, this tentative pair of structure accounts for the 
observed 1H NMR signals. 
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Mass spectrometry of both isolated side products confirmed the structure of both species as 
dithioacetal dimers of the rearranged thiols. 
 
Formation of dimeric species has been applied in the enantioenrichment of optically enriched 
mixtures.106 Enantiomerically enriched alcohol 234 may be reacted with oxalyl chloride to 
generate a series of stereoisomers (Scheme 109).  
 
 
Scheme 109 
 
Molecules with stereocentres of matching configuration may be separated from those with 
opposing configuration. Cleavage of the dimeric species returns the alcohol in improved 
enantiomeric ratio. 
 
We were interested in applying a similar differentiation of molecules with matching and 
opposing stereocentres to the determination of enantiomeric ratio in the products of aryl 
migration. The ratio of the integration of the singlet and AB system signals observed in the 1H 
NMR spectrum of side-product 233b (Figure 19) will relate to the enantiomeric composition of 
the rearranged thiol. 
 
However, the multiplet splitting pattern shown in Figure 19 was not observed in the 1H NMR of 
side-product 233a. We presume that this is due to the similarity of the aryl groups and the 
resulting decreased difference in chemical environment of the methylene protons. Because of 
this substrate dependence, determining enantiomeric ratio of aryl migration products by 1H 
NMR of diothioacetal derivatives was not investigated further.  
 
We were interested in the formation of the dithioacetal by-product under the reaction conditions. 
We thought that a formaldehyde impurity in the methanol used to quench the reaction may have 
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been the source of the bridging methylene carbon. Addition of 2 thiol molecules to 
formaldehyde may result in the observed side-product. Several examples of dithioacetals being 
prepared by addition of thiols to formaldehyde have been reported.107-111 We attempted to 
replicate this postulated reaction (Scheme 110). 
 
 
Scheme 110 
 
Thiol ±183b was stirred with formaldehyde, methanol and base. A complex mixture was 
obtained from the reaction with no evidence of the dithioacetal seen by 1H NMR. NMR analysis 
of the methanol used to quench the above lithiations also showed no presence of formaldehyde. 
 
Formation of this dithioacetal is not observed when in situ deprotection does not take place. 
 
 
4.3 Deprotection of rearranged thiocarbamates 
 
Aryl migration has been shown to occur readily in lithiated benzylic thiocarbamate systems. 
Using an acidic quenching agent allows isolation of the rearranged thiocarbamates in good 
yield. It was also necessary to develop conditions for the deprotection of the thiocarbamate 
products. 
 
In situ deprotection has been observed under the basic conditions resulting from warming the 
reaction mixture after quenching with methanol. Similar conditions might allow preparation of 
tertiary thiols cleanly from rearranged thiocarbamates.  
 
 
Scheme 111 
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Thiocarbamate ±182b was stirred with sodium ethoxide solution in ethanol for 30 minutes at 0 
°C (Scheme 111). Tertiary thiol ±183b was isolated in excellent yield. The same procedure also 
cleanly afforded thiol ±183a from the deprotection of thiocarbamate ±182a (Scheme 112). 
 
 
Scheme 112 
 
This method was found to be general and efficient in the preparation of tertiary thiols from 
rearranged thiocarbamate products. These thiols showed no tendency to form disulfides, 
presumably due the steric bulk surrounding the sulfur atom. 
 
 
4.4 Derivatisation of aryl migration products 
 
Aryl migration in lithiated benzylic thiocarbamates is a viable approach to the synthesis of 
tertiary thiols. However, the synthetic utility of this procedure depends entirely upon 
stereospecificity in aryl migration. The ability to measure the enantiomeric ratio of the products 
of reaction was critical to the successful optimisation of the procedure. 
 
An initial screen of conditions for the resolution of the enantiomers of thiocarbamates ±182a 
and ±182b and thiols ±183a and ±183b by HPLC with Chiralcel OT+, Pirkle (R,R) β-Gem 1, 
(R,R) Whelk-01 and Chiralcel OD-H chiral stationary phases proved unsuccessful. The 
difficulty in resolving these substrates may be due to the inability of the chiral stationary phase 
to discriminate between the enantiomers.  
 
Derivatisation of these compounds may allow the preparation of structures that are amenable to 
resolution with chiral HPLC. With this aim, derivatisation of the aryl migration products was 
attempted. 
 
Due to previous success with nucleophilic attack upon CDI and its derivatives, reaction of thiol 
±183b with CDI was attempted (Scheme 113). 
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Scheme 113 
 
This was unsuccessful and thiol ±183b was recovered from the reaction mixture. A stronger 
electrophile was employed. Carbamoylimidazolium salt 222a was stirred with thiol ±183b and 
base (Scheme 114). 
 
 
Scheme 114 
 
This same procedure carried out with secondary benzylic thiols has proved to be a robust and 
reliable way of preparing thiocarbamates (see section 3.7, page 66). Despite this, reaction with 
tertiary thiol ±183b failed to proceed. It is possible that the tertiary thiol may be too sterically 
encumbered to undergo substitution at the carbonyl centre. 
 
Derivatisation with isobutyryl chloride was attempted. Thiol ±183b was treated with isobutyryl 
chloride in the presence of base and DMAP catalyst (Scheme 115). The thioester derivative 
±238b was isolated in 71 % yield. 
 
 
Scheme 115 
 
82 
 
Analysis of adduct ±238b by HPLC with a Chiralcel OD-H chiral stationary phase showed that 
the enantiomers could be readily resolved. 
 
This allowed us to investigate stereoselectivity in the rearrangement and optimise conditions. 
However, we thought that the ortho-methoxy substituted thiocarbamate 180b may not be an 
ideal substrate for optimisation. This was due to several factors: the strong electron donating 
character of the substituent; the possible steric interference of the ortho- substituent in the 
reaction mechanism and also the ability of the aryl methoxy substituent to coordinate to lithium 
ions. This substrate may display reactivity not generally applicable to other substrates. 
 
Thiocarbamate 180a would be a more general substrate upon which to optimise reaction 
conditions. The para-tolyl substituent is only mildly electron donating and would not provide 
any steric interference at the reaction centre. 
 
Thiol ±183a was derivatised with isobutyryl chloride (Scheme 116). Thioester ±238a was 
isolated in good yield over two steps. 
 
 
Scheme 116 
 
Unfortunately, the enantiomers of derivative ±238a were not amenable to resolution by chiral 
HPLC. Because of this, initial optimisation studies were carried out using N-(2-methoxyphenyl) 
thiocarbamate 180b as the substrate for aryl migration (see section 4.5, page 82). 
 
Later, with the need to carry out optimisation studies upon a ‘neutral’ rearrangement substrate, 
further studies into the derivatisation of thiocarbamate ±182a were carried out. A screen of acid 
chloride electrophiles of varying steric encumbrance were treated with thiol ±183a. However, 
these attempts at preparing thioester derivatives were unsuccessful.  
 
The thiol might react more readily if it was deprotonated with a base prior to addition of the 
electrophile. This was attempted by initial deprotonation with n-butyllithium followed by 
addition of bulky acid chloride 239 (Scheme 117). 
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Scheme 117 
 
Thioester ±240 was observed as the major constituent of the crude product by 1H NMR but 
could not be separated from impurities. Analysis by chiral HPLC indicated that the enantiomers 
of this derivative could be resolved using a Chiralcel OD-H chiral stationary phase. 
 
However, conditions for the resolution of rearranged thiocarbamate ±182a by HPLC with a 
Chiralcel AD-H stationary phase were found shortly after this work. Because of this, further 
studies into the derivatisation of rearrangement products were not carried out. 
 
 
4.5 Screen of conditions with thiocarbamate 180b 
 
A screen of various conditions for rearrangement was carried out using thiocarbamate substrate 
180b. The solvent, temperature, time of reaction and organolithium base were varied (Scheme 
118, Table 5).  
 
 
Scheme 118 
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Table 5 
Entry RLi Solvent T (°C) t (min) Yield 182a (%) er 182a 
1 s-BuLi THF/DMPU 4:1 -78 30 87 50:50 
2 s-BuLi THF -78 30 80 85:15 
3 s-BuLi THF -100 30 48 86:14 
4 s-BuLi Et2O -78 30 0 - 
5 s-BuLi Et2O -50 to -40 120 0 - 
6 s-BuLi Et2O/THF 4:1 -78 30 0 - 
7 s-BuLi Toluene + 2 
equiv. THF -78 180 0 - 
8 LDA THF -78 30 91 87:13 
 
 
The nature of the solvent appears to play an important role in both reactivity and selectivity in 
aryl migration. These results indicate that reactivity with a strongly coordinating solvent system 
(Table 5, entry 1) is very good but that no stereoselectivity in rearrangement is observed, the 
isolated product is racemic. In much less coordinating solvent conditions (Table 5, entries 4, 5, 
6 and 7) no reaction is observed, even under elevated temperatures. Both good reactivity and 
good stereoselectivity were achieved with the use of THF as solvent for the reaction. 
 
Carrying out reaction at a lower temperature (Table 5, entry 3) did not improve stereoselectivity 
but gave a lower yield. 
 
Using a lithium amide base, LDA, also showed promising reactivity (Table 5, entry 8). When 
carrying out lithiation of N-(4-chlorophenyl) thiocarbamate 180d we found that the use of LDA 
instead of sec-butyllithium eliminated an undesired side-reaction (see section 4.7, page 85). 
Further optimisation studies were carried out using LDA as the standard base. 
 
Later work has shown that the use of saturated ammonium chloride solution in quenching the 
reaction gives unreliable results (see section 4.8, page 86). Because of this, specific conclusions 
cannot be drawn from these individual results. 
 
In general, promising stereoselectivity has been shown under conditions for aryl migration. 
Further screening of conditions was carried out with para-tolyl-substituted thiocarbamate 180a.  
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4.6 Screen of conditions with thiocarbamate 180a 
 
Aryl migration in 180a was studied using LDA. Solvent conditions, temperature and time of 
reaction were varied. LDA was used as base in these reactions due to its promising results with 
both the N-(2-methoxyphenyl)- and the N-(4-chlorophenyl)-substituted thiocarbamates. 
 
 
Scheme 119 
Table 6 
Entry Solvent T (°C) t (min) Yield 182a (%) er 182a Recovery 180a (%) 
1 THF -78 30 79 90:10 - 
2 Et2O -78 to -40 90 0 - 98 
3 Et2O/THF 1:1 -78 30 83 91:9 - 
4 Et2O/THF 4:1 -78 60 45 70:30 - 
5 THF -78 2 66 94:6 13 
6 THF -78 60 79 64:36 15 
7 THF -100 10 12 93:7 82 
 
 
Once again, these results indicate that a drop-off in reactivity is observed when less 
coordinating solvent systems are used (Table 6, entries 2, 3 and 4). Interestingly, no 
improvement in stereoselectivity is seen in these examples. 
 
This study also tentatively indicates that stereoselectivity decreases with time (Table 6, entries 
1, 5 and 6). This suggests slight configurational instability in the lithiated thiocarbamate. 
However, as mentioned above, the following studies into quenching with ammonium chloride 
were to show these results to be unreliable with regard to time-dependence of yield of the 
reaction (see section 4.8, page 86). 
 
As before, carrying out the reaction at lower temperature resulted in significantly decreased 
reactivity accompanied by a slight increase in selectivity (Table 6, entry 7). 
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4.7 Desulfurisation in thiocarbamate 180d 
 
During studies of lithiation with sec-butyllithium, thiocarbamate ±180d was subjected to 
conditions for aryl migration (Scheme 120). 
 
 
Scheme 120 
 
The reaction mixture turned deep red in colour upon addition of sec-butyllithium. Remarkably, 
none of the expected product of aryl migration ±182d was observed. However, diarylalkyl 
product ±241 was isolated in good yield. This species may have formed by desulfurisation of the 
rearranged thiocarbamate ±182d.  
 
We thought that a radical pathway may be responsible for the formation of the isolated product 
±241. In an attempt to suppress a possible radical mechanism, styrene was added in the lithiation 
of thiocarbamate ±180d (Scheme 121). 
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Scheme 121 
 
Unfortunately, compound ±241 was observed again. Therefore, no evidence of a radical 
mechanism of desulfurisation was found. Lithiation of thiocarbamate ±180d with LDA resulted 
in the isolation of aryl migration product ±182d (Scheme 122). 
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Scheme 122 
 
No evidence of desulfurised product ±241 was observed in the reaction mixture. 
 
 
4.8 Study of quenching 
 
The best stereoselectivity displayed in the aryl migration up to this point came with lithiation for 
two minutes at -78 °C followed by quenching (Table 6, entry 5). Unfortunately, the yield was 
slightly diminished compared with other conditions and starting material was recovered from 
the reaction in 13 %. With this recovery of starting material from lithiation for only 2 minutes 
we considered the possibility that complete lithiation of the starting material was not taking 
place. We decided to test this by repeating the reaction under the same conditions but quenching 
with trimethylsilyl chloride. In this case, any lithiated starting material that does not undergo 
aryl migration would be silylated and any recovered starting material will not have been 
lithiated (Scheme 123). 
 
 
Scheme 123 
 
The only 2 products observed from the reaction were the silylated product and the expected 
rearranged thiocarbamate. No starting material was recovered. Therefore, full lithiation had 
taken place within 2 minutes.  
 
However, this result was unusual. The isolated yield of rearranged thiocarbamate was only 2.5% 
compared to 66% from the reaction quenched by ammonium chloride. Furthermore, the 
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silylated thiocarbamate was isolated in 95% yield. Only the quenching of the reaction had been 
altered and yet a remarkable difference in reactivity was observed. 
 
A significant difference between the two quenches was in the volume of each. The silylating 
quench was on a stoichiometric scale, 3 equivalents, and the ammonium chloride quench 
employed 2.5 cm3 of aqueous solution. The reaction was being carried out in 2.5 cm3 of THF. 
 
To test how the ammonium chloride quench might affect reactivity, the reaction was repeated 
with a stoichiometric protonating quench (Scheme 124). Methanol was used and followed by 
ammonium chloride solution after quenching in an effort to avoid deprotection of any 
rearranged thiocarbamate. 
 
 
Scheme 124 
 
Only a trace of rearranged thiocarbamate was isolated. This result indicated that when the 
ammonium chloride quench is employed, the majority of the rearrangement is occurring after 
the protonating agent is added. We think that this is due to the large volume of solution at room 
temperature warming the reaction conditions, promoting the intramolecular rearrangement 
briefly before the intermolecular protonation takes place. This is undesirable as it obfuscates the 
effect of the prior reaction conditions and promotes reaction in an uncontrolled environment. It 
is unknown what temperature the aryl migration occurs at once the ammonium chloride is 
added. Also, there is no control over when the aqueous solution quenches the reaction after the 
temperature has been raised. 
 
A new quenching agent was required. It was clear that the quench needed to be stoichiometric to 
minimise warming of the reaction, but could not be methanol as it promotes deprotection and 
leads to the formation of side-products. 
 
Propionic acid was chosen as a possible quenching agent. Aryl migration was carried out at -78 
°C in THF for 2 minutes (Scheme 125). 3 equivalents of neat propionic acid was then added 
followed by ammonium chloride solution. 
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Scheme 125 
 
Only a trace of the target material was isolated from the reaction. This indicated that the 
propionic acid had quenched the lithiated thiocarbamate before the ammonium chloride was 
added. This successful quench was tested once again without the addition of ammonium 
chloride. The same result was obtained. It was decided that propionic acid would be used in 
further optimisation studies. 
 
 
4.9 Reaction under standard conditions 
 
With an appropriate procedure for aryl migration in place, reliable studies of reaction conditions 
could take place. Initial results were obtained from carrying out aryl migration with LDA at -78 
°C for 1 hour in THF (Scheme 126). 
 
 
Scheme 126 
 
The rearranged product was isolated in 86 % yield and 87:13 enantiomeric ratio. The reaction is 
complete after 1 hour; no starting material is returned and carrying out reaction over longer 
times returns the same result. A full study into the length of the reaction is discussed later in this 
chapter (see section 4.14.3, page 98). 
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4.10 Variation of temperature 
 
Hoppe’s observation of complete stereoselectivity in reaction of lithiated benzylic 
thiocarbamates with electrophiles was shown when using diethyl ether as the solvent. The use of 
THF may promote slow racemisation over long reaction times. For this reason, a slow reaction 
might be undesirable in achieving optimal stereoselectivity in the aryl migration. 
 
Previously discussed quenching studies showed that rearrangement at -78 °C is slow and that 
previous reactions studied at that temperature were undergoing rearrangement during the 
quench. Carrying out the reaction at a higher temperature would promote the rate of aryl 
migration and may lead to improved stereoselectivity. 
 
The rearrangement of thiocarbamate 180a was carried out at -60 °C for 2 minutes (Scheme 
127). This afforded the product in 87% yield and 90:10 enantiomeric ratio. 
 
 
Scheme 127 
 
Clearly, reaction is fast at -60 °C but the selectivity does not significantly improve upon 
previous results. While a higher temperature increases the rate of reaction, it may also increase 
the rate of racemisation. The same reaction was carried out at -70 °C (Scheme 128). 
 
 
Scheme 128 
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Much slower reaction was observed at -70 °C, only a trace of desired product was isolated, but 
with an excellent enantiomeric ratio of 95:5. This reaction was repeated allowing the reaction to 
occur for 10 minutes instead of 2 minutes (Scheme 129). 
 
 
Scheme 129 
 
The reaction proceeded in excellent yield, 92%, but the enantiomeric ratio of the isolated 
product was lower than the previous result at 91:9. It seems implausible that 92% yield was 
obtained from a reaction over 10 minutes and only a trace quantity of product observed over 2 
minutes. It is possible that there may have been some degree of error in using the cold-bath, the 
10 minute reaction may have occurred a few degrees higher than the 2 minute reaction. 
 
Temperature dependence of reactivity and stereoselectivity has been observed in the aryl 
migration in lithiated carbamates, where aryl migration has been found to occur optimally at -35 
°C.80, 82 However, in thiocarbamates, increasing the temperature of reaction in order to increase 
the rate of migration does not offer significant improvement in stereoselectivity. 
 
 
4.11 Variation of solvent 
 
Previous studies, despite giving individually unreliable results, have generally shown the strong 
effect of solvent conditions upon the reaction (see Tables 5 and 6). A variety of solvent 
conditions were investigated (Scheme 130, Table 7). 
 
 
Scheme 130 
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Table 7 
Entry Solvent T (°C) t (min) Yield 182a (%) er 182a 
1 THF -78 60 86 87:13 
2 THF/DMPU 4:1 -78 60 94 48:52 
3 Et2O -78 180 0 - 
4 Et2O -60 30 0 - 
5 Et2O -40 30 0a - 
6 t-BuOMe -78 60 0 - 
aComplex mixture returned 
 
 
The use of THF at -78 °C has been shown to give good stereoselectivity and good yield in aryl 
migration (Table 7, entry 1). The addition of DMPU to the solvent mixture improves reactivity, 
the product is isolated in 94 %, but results in very poor stereoselectivity (Table 7, entry 2). 
 
This result was expected. Despite Reich’s observations59 that coordinating solvents increase the 
configurational stability of α-thioorganolithiums, earlier studies have shown that the presence of 
DMPU results in the loss of stereospecificity in aryl migration (Table 5, entry 1). Addition of 
DMPU to aryl migration reactions of lithiated carbamates also results in loss of 
stereoselectivity.80, 82 
 
Reich argued that the formation of the solvent-separated ion pair leads to increased 
hyperconjugation, raising the barrier to racemisation. However, in this case, in the contact ion 
pair, ligands coordinated to lithium (such as diisopropylamine, excess LDA or solvent 
molecules) may increase the steric bulk around the lithiated centre, raising the barrier to 
racemisation. Under conditions for aryl migration, the configurational stability of the contact 
ion pair may be greater than that of the solvent-separated ion pair. 
 
We expected the use of less coordinating solvent systems to provide lower reactivity but 
possibly greater stereospecificity in aryl migration. 
 
The use of diethyl ether at -78 °C, however, gave no reaction (Table 7, entry 3). A colour 
change in the reaction mixture upon addition of LDA was observed. This indicates that 
lithiation was taking place. Therefore, under these less coordinating conditions, the lithiated 
intermediate fails to undergo aryl migration. 
 
Increasing the temperature of the reaction in attempts to promote migration in the lithiated 
thiocarbamate was unsuccessful (Table 7, entries 4 and 5). Upon raising the temperature to -40 
°C, decomposition of the reaction mixture was observed without any migration taking place. 
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The use of methyl tert-butyl ether was also investigated (Table 7, entry 6). This solvent has 
found use in lithiation chemistry as an alternative to diethyl ether.53 Unfortunately, as with 
diethyl ether, aryl migration was not observed. 
 
 
4.12 Rapid warming of reaction conditions 
 
Despite promoting reaction unintentionally by adding a large volume of aqueous solution to the 
reaction, the yields and stereoselectivities observed from employing an ammonium chloride 
quench were not poor. We thought that an investigation into rapid warming of the reaction 
mixture might provide an improved procedure for aryl migration. 
 
These studies were carried out by lithiating at -78 °C and then adding more uncooled solvent 
followed immediately by propionic acid. This procedure would provide an advantage to the 
ammonium chloride quench by allowing the warming and quenching to occur separately so that 
each may be controlled as much as possible. 
 
Thiocarbamate 180a was lithiated, stirred for 2 minutes at -78 °C, THF was added followed 
immediately by propionic acid (Scheme 131). 
 
 
Scheme 131 
 
The product was isolated in a good 70% yield and an enantiomeric ratio of 92:8. This protocol 
showed good stereoselectivity but not a significant improvement on previous results. The same 
reaction was attempted again, this time employing toluene as the uncooled solvent (Scheme 
132). 
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Scheme 132 
 
This reaction showed a significant drop-off in yield, only 20%, whereas selectivity improved to 
96:4. This selectivity is excellent but the low yield precludes this procedure from being 
synthetically useful. 
 
Despite this encouraging result, further optimisation involving rapid warming was not 
investigated. This procedure does not allow accurate control of temperature and results would 
be difficult to reproduce reliably. 
 
 
4.13 Variation of base 
 
The effect of the lithiating agent upon stereoselectivity had not yet been investigated. The 
presence of lithium-coordinating species may have a significant influence upon the reactivity of 
the lithiated thiocarbamate – for example, diisopropylamine or LDA (Figure 21). 
 
 
Figure 21 
 
Previous results have shown that both LDA and sec-butyllithium are effective in carrying out 
aryl migration. A side-by-side comparison was carried out (Figure 22, Table 8, entries 1 and 2).   
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Lithium bases with greater steric encumbrance, LiHMDS and LiTMP, were also used (Figure 
22, Table 8, entries 3 and 4). At the time we postulated that aryl migration might proceed with 
inversion of stereochemistry in accord with Hoppe’s observations and that a bulkier base might 
inhibit any competing retentive mechanism.  
 
 
Figure 22 
 
 
Scheme 133 
Table 8 
Entry base t (h) Yield 182a (%) er 182a 
1 LDA 1 86 87:13 
2 s-BuLi 1 77 90:10 
3 LiHMDS 6 0 - 
4 LiTMP 15 83 96:4 
 
 
Both LDA and sec-butyllithium gave similar results (Table 8, entries 1 and 2). In agreement 
with earlier studies, sec-butyllithium offers no advantage over the use of LDA. 
 
LiHMDS did not effect aryl migration in the thiocarbamate substrate under standard conditions. 
No colour change was observed upon addition of the base. This indicates that lithiation does not 
take place. LiHMDS is the weakest of the bases studied with a pKa of about 30, compared to 
LDA with a pKa of about 36.112 
 
The use of LiTMP resulted in a much slower reaction. The reaction was initially carried out for 
6 hours and was found to be incomplete. Carrying out lithiation for 15 hours allowed the 
reaction to go to completion and the product was isolated in 83 % yield. Remarkably, the 
product had an enantiomeric ratio of 96:4. The enantiomeric ratio of thiocarbamate substrate 
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180a was 98:2. Therefore, use of LiTMP resulted in only a very small loss in enantiomeric 
purity. 
 
It is somewhat counterintuitive that a slower reaction results in higher stereoselectivity due to 
the assumption that slow racemisation of the lithiated intermediate will occur with time. 
However, later studies were to indicate that the longer reaction time required by using LiTMP is 
due to slower lithiation: aryl migration may proceed at a rate comparable to the use of LDA 
once lithiation has taken place. 
 
Using LiTMP as the lithiating agent for aryl migration has resulted in an optimised procedure 
for the preparation of enantiomerically pure rearranged thiocarbamates. This protocol was found 
to be reproducible and applicable to a wide variety of thiocarbamate substrates. 
 
 
4.14 Mechanistic studies of aryl migration 
 
4.14.1 Intramolecular or intermolecular arylation 
 
In order to establish if aryl migration in lithiated thiocarbamates proceeds by intramolecular 
rearrangement, a mixture of thiocarbamates ±180k and ±180f was subjected to lithiating 
conditions (Scheme 134).  
 
 
Scheme 134 
 
Mass spectrometry of the crude reaction mixture indicated only the presence of products ±182k 
and ±182f or starting materials. No crossover products of an intermolecular migration were 
observed. This is consistent with the result of an analogous study in the lithiation of ureas.71  
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4.14.2 Stereochemical course of rearrangement 
 
Aryl migration in thiocarbamates has been optimised to give highly enantiopure rearranged 
products. We were interested in determining which enantiomer of product 182a was being 
formed; whether aryl migration proceeds by retention or inversion of stereochemistry. 
 
In the case of ureas, X-ray crystallography of the oxidised cyclic species 174b provided 
evidence for a retentive pathway of aryl migration (Figure 23). 
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Figure 23 
 
However, rearrangement of carbamates was found to occur with inversion of the lithiated centre 
by comparing polarimetric and chromatographic data of known compounds.80, 82 
 
Addition of electrophiles to configurationally stable lithiated benzylic thiocarbamates proceeds 
with strict stereoinversion except for acidic protonation, which proceeds with retention of 
stereochemistry.62, 63 
 
Determination of the absolute configuration of thiocarbamate 182a by X-ray crystallography 
was desired. The measurement of absolute configuration in molecules by crystallography was 
first described by Bijvoet113 and has since become a widely used tool in determination of 
configuration.114 In this method, absolute configuration is deduced by observation of anomalous 
scattering – small differences in the measured X-ray intensities. In general, these differences 
increase as a function of atomic number. Therefore, the presence of a heavy atom in the crystal 
is necessary for accurate determination of configuration. Sulfur, present in thiocarbamate 182a, 
is such a suitable atom.   
 
Attempts to recrystallise 182a were unsuccessful. All thiocarbamate products of aryl transfer 
isolated to date are amorphous solids or oils. Thiol products of deprotection 183 are also oils. 
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Derivatisation of thiocarbamate 182a was undertaken in an effort to prepare a crystalline 
compound while leaving the benzylic stereocentre intact (Scheme 135). Thiol 183a was 
successfully coupled with para-nitrobenzoyl chloride 243. 
 
 
Scheme 135 
 
Pleasingly, derivative 244 proved to be crystalline. Recrystallisation from heptane allowed the 
determination of absolute configuration by X-ray crystallography (Figure 24). 
 
 
 
Figure 24 
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Derivative 244 was shown to be the S-enantiomer, with a Flack parameter of 0.09. This 
indicates that aryl migration in thiocarbamates proceeds with overall retention of configuration.  
 
 
4.14.3 Deuteration studies 
 
A loss of enantiomeric purity is evident in all the products of rearrangement. Even aryl 
migration under conditions optimised for stereoselectivity displays a small drop in enantiomeric 
ratio. A series of experiments were carried out in order to establish whether this loss of 
enantiomeric purity is the result of slight racemisation of the lithiated intermediate or an 
incompletely retentive aryl migration. 
 
Thiocarbamate 180a was treated with LDA at -78 °C over various reaction times and quenched 
with CD3OD (Scheme 136). Yield of product and recovery of starting material were measured 
as well as the extent of deuteration in each (Table 9). 
 
 
Scheme 136 
Table 9 
  180a  182a 
t (min) 
 
Yield (%) er %Da %Db  Yield (%) er %Da %Db 
2  nd 95:5 11 7  - - - - 
10  72 80:20 39 40  18 94:6 10 0 
20  64 77:23 41 42  19 93:7 2 1 
30  - - - -  64 88:12 3 0 
40  15 54:46 35 33  76 88:12 2 2 
 
a% deuteration calculated by integration in 1H NMR. 
b% deuteration measured in mass spectrometry (ES+) with correction for 13C. 
 
 
Product 182a was isolated in 18 % yield after reaction over 10 minutes and displays an 
enantiomeric ratio of 94:6. The higher enantiomeric ratio in aryl migration over a short period of 
time is consistent with slow racemisation of the lithiated intermediate with time. 
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This stands in contrast to Hoppe’s studies of lithiated thiocarbamates. Thiocarbamate 134 is 
configurationally stable even at 0 °C for 12 minutes (Scheme 137).63 
 
 
Scheme 13763 
 
However, lithiation of this substrate is carried out in diethyl ether with TMEDA, conditions 
which are less coordinating than when THF is used as solvent. Under coordination by 
stoichiometric TMEDA in diethyl ether, phenyllithium displays a dimeric aggregation state.115 
In THF, phenyllithium is a mixture of dimer and monomer. 
 
Recovered substrate 180a from lithiation over 2 and 10 minutes was found to have enantiomeric 
ratios of 95:5 and 80:20, respectively. This appeared unusual as the rearrangement product 
isolated after 10 minutes has a higher enantiomeric ratio of 96:4.  
 
The degree of deuteration of recovered starting material indicates that approximately 10 % of 
the substrate is lithiated after 2 minutes, and that 40 % is lithiated after 10 minutes. 
Interestingly, this degree of deuteration corresponds closely with the degree of racemisation in 
the recovered starting material. This indicates that deuteration of the lithiated intermediate with 
CD3OD proceeds stereorandomly, which would account for the unusual degree of racemisation 
found in this material. 
 
The degree of deuteration observed in recovered thiocarbamate 180a shows that lithiation is 
relatively slow. This is in contrast to previous lithiation of the same substrate which was 
quenched with TMSCl after 2 minutes (Scheme 123, page 86). In that case full silylation of 
±180a was observed, indicating complete lithiation after only 2 minutes. It may be possible that 
the presence of LiCl in that reaction after addition of TMSCl accelerated silylation of the 
thiocarbamate substrate. The presence of lithium chloride in electrophilic additions to 
organolithiums is known to alter reactivity.116 
 
Deuteration of rearrangement product 182a is not significantly observed from quenching with 
CD3OD. This is assumed to be the result of proton exchange upon work up due to the acidic 
nature of this position. 
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4.14.4 Attempted trapping of a dearomatised intermediate 
 
We assume that aryl migration takes place by an associative pathway outlined in Scheme 138 
where dearomatised species 231 is either an intermediate or a transient species on the reaction 
pathway. 
 
 
Scheme 138 
 
Evidence of this species in the rearrangement of ureas with a migrating naphthyl group was 
found when air was bubbled through the lithiated reaction mixture. As described above (see 
section 2.1, page 48), oxidised species 174 was isolated (Scheme 139). 
 
 
Scheme 139 
 
Trapping of an analogous intermediate in the migration of phenyl systems failed.117  
 
We wanted to establish whether a similar dearomatised intermediate could be trapped in the 
lithiation of N-naphthyl thiocarbamates. 
 
Thiocarbamate ±180h was lithiated with LDA at -78 °C in THF for 15 minutes. Deuteration 
studies of lithiation with LDA (see section 4.14.3, page 98) indicate that the majority of 
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substrate will be lithiated after this time.  Dried air was then bubbled through the reaction 
mixture for 30 minutes (Scheme 140). 
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Scheme 140 
 
Unfortunately, only starting material was recovered from the reaction. Lithiation for 45 minutes 
before introducing air resulted in aryl migration taking place before the quench (Scheme 141). 
 
 
Scheme 141 
 
A third attempt was made employing DMPU as a co-solvent to most closely mimic conditions 
in the trapping of the urea intermediate (Scheme 142). Once again, the product of aryl migration 
was observed as the major constituent of the reaction mixture and no evidence of an oxidised 
cyclic intermediate was observed. 
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Scheme 142 
 
The difficulty in isolating a dearomatised product from the lithiation conditions suggests that, 
should the formation of cyclic species ±245 occur, the rate of consumption of ±245 is greater 
than the rate of formation. 
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Chapter 5: 
Scope and application of aryl migration 
 
 
5.1 Scope of aryl migration in chiral benzylic thiocarbamates 
 
The scope of aryl migration in a range of chiral benzylic thiocarbamates 180 was investigated 
using the optimised conditions with LiTMP (Scheme 143, Figure 25). 
 
 
Scheme 143 
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Figure 25 
 
Aryl transfer occurs fairly generally in a variety of thiocarbamate substrates. Most rearranged 
thiocarbamates are isolated in good yield and excellent enantiomeric ratio. 
 
 
5.1.1 Variation of migrating aryl ring 
 
The aryl migration tolerates various substitution patterns upon the migrating aryl ring. Electron 
rich (182b), electron deficient (182d, 182e and 182f) and moderately sterically encumbered 
(182b and 182h) aromatic systems migrate efficiently. 
 
 
Figure 26 
 
As expected, transfer of electron deficient systems was most effective (Figure 26). 
Thiocarbamates 182d, 182e and 182f were isolated in good to excellent yields and excellent 
enantiomeric ratios. Fluorinated thiocarbamate 180i did not, however, undergo aryl migration 
under these conditions. Lithiation of this substrate was attempted again using LDA (Scheme 
144). 
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Scheme 144 
 
Once again, rearranged thiocarbamate 182i was not isolated from the reaction mixture. It is 
possible that thiocarbamate 180i undergoes competitive ortholithiation. Ortholithiation is known 
to occur readily in arylamides and arylamide derivatives where the carbonyl oxygen can 
coordinate to the lithium atom to direct lithiation.53 Also, proximity of the strongly electron 
withdrawing fluorine substituent acidifies the ortho-proton.  
 
Lithiated fluorobenzene is unstable at temperatures greater than -50 °C, where elimination of 
lithium fluoride generates benzyne.118 
 
This formation of benzyne has been used synthetically (Scheme 145). Meta-fluoro anilines are 
ortholithiated and undergo elimination of lithium fluoride to generate benzyne 248. In the 
presence of excess alkyllithium, a regioselective carbolithiation of the benzyne intermediate 
occurs followed by intramolecular cyclisation to afford the product 250 in moderate yield.119 
 
 
Scheme 145 
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The presence of the benzyne intermediate is confirmed by ortholithiation of the regioisomeric 
substrate 251 also affording product 250 (Scheme 146). 
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Scheme 146 
 
Should competitive ortholithiation of thiocarbamate 180i occur under reaction conditions, 
defluorination may be observed.  
 
No evidence of defluorination in the recovered material was found. However, this does not rule 
out the possibility of a competitive ortholithiation of this substrate as the ortholithiated 
thiocarbamate may be stable at -78 °C. Quenching the reaction mixture with iodomethane 
would confirm the site of lithiation in thiocarbamate 180i. 
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Figure 27 
 
Due to the nucleophilic nature of the attack of the benzylic carbon atom upon the migrating aryl 
ring, electron rich aromatic rings were expected to be less amenable to migration. Despite this, 
thiocarbamate 180b has already been shown to undergo rearrangement, and, under optimised 
conditions, returns thiocarbamate 182b in 91:9 enantiomeric ratio (Figure 27). 
 
Aryl migration is not observed in the 4-methoxy-substituted thiocarbamate substrate 180c. 
Previous studies in dearomatisation of methoxy-substituted phenyl rings by organolithium 
nucleophiles have shown that the para- position is deactivated towards addition.121 Nucleophilic 
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attack of an organolithium ortho- to a methoxy substituent is preferred, presumably due to the 
greater electron withdrawing inductive effect of the substituent.  
 
Repeating lithiation of thiocarbamate 180c with LDA also failed to induce aryl transfer. We 
have already observed that carrying out lithiation in a solvent with increased coordinating 
character promotes aryl migration. Lithition of substrate 180c was carried out again in a mixture 
of DMPU and THF (Scheme 147). 
 
 
Scheme 147 
 
Rearranged thiocarbamate 182c was isolated in 94 % yield. Unfortunately, no stereoselectivity 
was observed. Product 182c was isolated as a racemic mixture. 
 
 
Figure 28 
 
Rearranged thiocarbamates 182 include a very sterically crowded quaternary carbon 
stereocentre. Because of this, we were pleased to observe that sterically encumbered ortho-
substituted aryl rings are tolerated in aryl migration. In addition to the preparation of 182b, 
naphthyl-substituted thiocarbamate 182h was isolated in excellent yield (Figure 28). 
 
Unfortunately, the di-ortho-substituted aryl ring of thiocarbamate 182g did not undergo 
migration. Lithiation was carried out again with LDA (Scheme 148). TLC analysis of the 
reaction mixture after 4 hours indicated that no migration had occurred. The reaction was 
quenched with iodomethane and methylated species 252 was isolated from the reaction mixture. 
108 
 
This indicates that lithiation of thiocarbamate 180g does occur but the aryl ring fails to migrate 
under these conditions. 
 
 
Scheme 148 
 
In an attempt to promote aryl migration in this substrate, lithiation with LDA was carried out 
again in a THF/DMPU solvent mixture (Scheme 149). 
 
 
 Scheme 149 
 
Aryl migration was not observed under these more coordinating conditions. Attempting 
lithiation of thiocarbamate 180g at higher temperatures may promote aryl migration in this 
substrate. However, no further attempts at rearranging 180g were made. 
 
 
5.1.2 Variation of benzylic aryl ring 
 
 
Figure 29 
 
Substitution upon the benzylic ring can also be varied. Thiocarbamate 180n incorporates an 
electron rich benzylic ring and undergoes aryl migration in 86 % yield. Unfortunately, 
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stereoselectivity was not measured in this rearrangement due to the difficulty in preparing 
enentiomerically pure thiocarbamate substrate (see section 3.3, page 57).  
 
Aryl transfer also occurs in 180k; rearranged product 182k was isolated in 85 % yield and 67:33 
enantiomeric ratio. Lithiation substrate 180k had an enantiomeric ratio of 96:4. Therefore, aryl 
migration in this substrate displays a significant drop in enantiomeric ratio. This result is 
consistent with the electron withdrawing nature of the benzylic substituent stabilising the 
lithiated intermediate. Because of this, the rate of aryl transfer after lithiation may be slowed, 
allowing the intermediate to undergo slight racemisation should the lithiated intermediate 
display incomplete configurational stability. Previous deuteration studies have indicated that the 
lithiated intermediate is indeed not fully configurationally stable (see section 4.14.3, page 98). 
 
Lithiation of this substrate was studied further by comparing reactions carried out over 15 hours, 
1 hour and 2 minutes (Scheme 150, Table 10). 
 
 
Scheme 150 
Table 10 
Entry t (min) Yield 182k (%) er  er of recovered 180k 
1 2 14 87:13 62:38 
2 60 93 62:38  
3 900 85 67:33  
 
 
Aryl migration with LiTMP appears to be complete after 1 hour (Table 10, entry 2). This is 
remarkably quick when compared with other substrates, aryl migration with LiTMP usually 
requires in excess of 6 hours to go to completion. We have postulated that this slow reactivity is 
due to slow lithiation of the substrate (see section 4.13, page 94). Carrying out lithiation of 
thiocarbamate 180k for 2 minutes with LiTMP returns a relatively low yield of product with an 
improved enantiomeric ratio (Table 10, entry 1). Interestingly, the recovered starting material 
displayed an enantiomeric ratio of 62:38, consistent with the majority of this material having 
undergone lithiation. 
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Therefore, lithiation of thiocarbamate 180k occurs at a high rate and aryl migration takes place 
with decreased stereoselectivity. 
 
 
5.1.3 Variation of benzylic alkyl substitution 
 
 
Figure 30 
 
Tolerance of a variety of substituents upon the benzylic carbon would allow greater structural 
diversity in the tertiary thiols that could be prepared by this methodology. Thiocarbamate 180j, 
with a propyl group on the benzylic centre, undergoes aryl migration in good yield and excellent 
stereoselectivity. This substrate displayed the highest degree of stereoselectivity yet observed 
from the aryl migration. This may be due to the increased steric bulk around the lithiated carbon 
centre aiding configurational stability. 
 
Unfortunately, thiocarbamates 182p and 182o were not isolated from lithiation with LiTMP. 
Thiocabamate 180p was lithiated again with LDA for 3 hours (Scheme 151). 
 
 
Scheme 151 
 
A complex mixture was returned from the reaction. Rearranged thiocarbamate 182p was 
observed as a relatively minor constituent of the mixture but could not be separated from 
impurities. 
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In order to test the structural diversity of thiocarbamates that might undergo aryl migration, we 
wanted to carry out lithiation of a cyclic system. Thiocarbamate 180m was prepared and 
lithiated with LiTMP (Scheme 152).  
 
 
Scheme 152 
 
TLC analysis indicated that no aryl migration had occurred after 15 hours at -78 °C and so the 
mixture was warmed to -60 °C for 2 hours before quenching. A complex mixture was returned, 
but rearranged thiocarbamate 182m could be isolated in 20 % yield. 
 
Indanyl-based thiocarbamate substrate 180l was also prepared and lithiated (Scheme 153). 
Pleasingly, the product of aryl transfer was isolated in 87 % and in good retention of 
enantiomeric ratio. 
 
 
Scheme 153 
 
 
5.2 Preparation of tertiary thiols 
 
In order to demonstrate the utility of this methodology in preparing enantiomerically pure 
tertiary thiols many of the prepared rearranged thiocarbamates were subjected to conditions for 
deprotection (Scheme 154, Figure 31). 
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Scheme 154 
 
 
 
 
Figure 31 
 
 
Enantiopure tertiary thiols were also prepared in a one-pot protocol from lithiation substrates 
180 (Scheme 155, Figure 32). 
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Scheme 155 
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Figure 32 
 
 
5.3 Lithiation of achiral thiocarbamates 
 
Lithiation of thiocarbamates 230 without an alkyl substituent at the benzylic position was 
investigated. A simple substrate for aryl migration 230a was prepared and subjected to standard 
conditions for rearrangement with LDA (Scheme 156). 
 
 
Scheme 156 
 
None of the expected thiocarbamate 253a was observed from the reaction. This lack of 
reactivity may be due to increased stability of the organolithium intermediate. Secondary 
carbanions are more stable than tertiary carbanions. The lithiated intermediate in this case may 
be too stable to attack the para-tolyl ring. 
 
We thought that reactivity could be promoted by adding substitution to destabilise the lithiated 
intermediate. Thiocarbamate 230b was prepared with an electron rich benzylic ring.  
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Scheme 157 
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Standard conditions for aryl migration allowed the isolation of rearranged thiocarbamate 253b 
in 64 % yield (Scheme 157). 
 
Substitution was also added to the migrating aryl ring in order to promote attack by the lithiated 
carbon atom. Thiocarbamates 230e and 230f were prepared and lithiated (Scheme 158). 
 
 
Scheme 158 
 
Aryl migration was found to be amenable in both cases with the products of rearrangement 
isolated in good yield. 
 
We have shown previously that aryl transfer can be promoted by increasing the coordinating 
nature of the solvent. This has allowed us to observe aryl migration of an electron rich para-
methoxyphenyl ring at the expense of stereoselectivity (see Scheme 5.1.1, page 106). Naturally, 
aryl migration in achiral thiocarbamates 230 is not a stereoselective process (in the absence of a 
chiral influence). 230a was lithiated again in a THF/DMPU solvent mixture (Scheme 159). 
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Scheme 159 
 
In this case, aryl migration was observed. The product of rearrangement was isolated in 73 % 
yield. Addition of DMPU was also found to promote reactivity of thiocarbamate 230b (Scheme 
160). Aryl migration product 253b was isolated in 96 % yield, compared to 64 % when reaction 
is carried out in THF alone. 
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Scheme 160 
 
These improved conditions were also effective in carrying out rearrangement in thiocarbamate 
230c (Scheme 161). 
 
 
Scheme 161 
 
Aryl migration in lithation-stabilising thiocarbamate 230d proved more difficult. Aryl migration 
was observed only after carrying out lithiation at -60 ºC for 15 hours (Scheme 162). The product 
isolated from the reaction mixture was the deprotected thiol, obtained in moderate yield from a 
complex mixture. 
 
 
Scheme 162 
 
In an effort to isolate the thiocarbamate product of aryl migration 253d, 230d was lithiated 
again in a solvent medium of THF/PMDTA, 4:1 (Scheme 163). PMDTA is a strong tridentate 
ligand for lithium and has been shown to promote reactivity of organolithiums to a greater 
extent than DMPU.115 We hoped that the increased coordinating character of PMDTA might 
promote rearrangement without deprotection, as observed at higher temperature. 
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Scheme 163 
 
However, this was unsuccessful. Only starting material was recovered from the reaction. 
 
These rearranged compounds prepared from achiral thiocarbamates also undergo deprotection 
under basic conditions (Scheme 164, Figure 33). 
 
 
Scheme 164 
 
 
Figure 33 
 
 
5.4 Asymmetric alkylation of achiral thiocarbamates 
 
The failure of thiocarbamate 230a to undergo aryl migration under standard lithiating conditions 
was unexpected. We thought that, because of the stability of the lithiated intermediate, we may 
be able to carry out an asymmetric alkylation of the thiocarbamate before effecting aryl 
migration. 
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As discussed earlier, Hoppe has shown that lithiated benzylic thiocarbamates react with 
electrophiles stereospecifically with inversion of configuration.62, 63 If a single enantiomer of the 
lithiated intermediate 255 could be generated under a chiral influence, L*, alkylation would 
afford the enantiopure substrate for aryl migration 180 (Scheme 165). 
 
 
Scheme 165 
 
Formation of 255 may occur by one of 2 pathways: enantioselective lithiation of 230 where a 
chiral lithium complex selectively deprotonates one of the enantiotopic protons, or a dynamic 
resolution of enantiomers under thermodynamic control following deprotonation.121 
 
We have shown that aryl migration and deprotection can be carried out in a single step. Should 
asymmetric alkylation be possible, this methodology would allow preparation of enantiopure 
tertiary thiols from cheap, achiral thiocarbamate substrates in 2 steps. 
 
Hoppe recently described an asymmetric methylation of benzylic thiocarbamate systems using 
bis-oxazoline 256 (Figure 34) to induce enantioselectivity (Scheme 166).70 
 
 
Figure 34 
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Scheme 166 
 
Studies of this reaction showed that carrying out lithiation at -78 °C, where 258 is expected to 
be configurationally stable, results in poor enantioselectivity: 259 is isolated in 59:41 
enantiomeric ratio. However, subjecting 257 to lithiating conditions in the presence of 256 at -
30 °C for 13 hours followed by methylation at -78 °C allows isolation of 259 in 98:2 
enantiomeric ratio. These observations indicate that lithiation is poorly enantioselective and that 
enantiopure 258 is generated by a dynamic thermodynamic resolution of the enantiomers. 
 
Similar reaction conditions were employed in attempting an alkylation of thiocarbamate 230a 
(Scheme 167). In this case, due to its availability, chiral bis-oxazoline 260 was used to induce 
enantioselectivity (Figure 35). 
 
 
Scheme 167 
 
 
Figure 35 
 
After stirring for 5 hours at -30 ºC the reaction was cooled to -78 ºC and methyl triflate was 
added. Thiocarbamate 230a remains stable under these lithiating conditions and no aryl 
migration was observed. Chiral HPLC analysis of the crude product showed that the starting 
material had been fully methylated. However, the product showed a disappointing enantiomeric 
ratio of 52:48. 
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Use of bis-oxazoline 256, as Hoppe described, may give better enantioselectivity. 256 was 
prepared by condensation of diimidate 261 and tert-leucinol followed by 2 sequential 
alkylations (Scheme 168).  
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Scheme 168 
 
The procedure for alkylation of thiocarbamate 230a was carried out again using bis-oxazoline 
256 as the chiral influence (Scheme 169). 
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Scheme 169 
 
The substrate for aryl migration 180a was isolated in 72 % yield and an excellent enantiomeric 
ratio of 92:8. This result shows that the preparation of enantiopure tertiary thiols by an 
asymmetric alkylation/aryl migration protocol is viable. 
 
The enantiomeric ratio of 92:8 is slightly disappointing. Hoppe observed an enantiomeric ratio 
of 98:2. This may be due to the reaction being cooled to only -64 ºC before methylation. This 
was a result of problems arising in the use of the cold bath. It is possible that cooling to -78 ºC 
before the addition of methyl triflate will give better enantiomeric ratio in the product. 
 
Investigations into the optimisation and utility of this methodology are ongoing. 
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5.5 Aryl migration in allylic thiocarbamates 
 
Aryl migration has been shown to occur generally and in good stereospecificity in lithiated 
benzylic thiocarbamate systems. Enantiomerically pure diaryl thiols can be prepared by this 
method. However, the thiols accessed by this method are limited to diaryl species. 
 
If lithiation in thiocarbamates that are not S-benzylic can take place next to sulfur, then aryl 
migration may occur, allowing a wider scope of thiol structures to be accessed by this 
methodology. 
    
Configurational stability in lithioallyl systems has been observed in the lithiation of 
enecarbamates 264.122 Beak and co-workers have shown that stereoselective lithiation of 
carbamates 264 under the influence of (-)-sparteine results in the formation of a 
configurationally stable allyllithium complex 265 (Scheme 170). Treatment with a series of 
electrophiles allowed the isolation of enantiopure functionalised N-vinylcarbamates 266. 
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Scheme 170 
 
The configurational stability of complex 265 was confirmed in 2 studies. Transmetallation of 
racemic ±267 in the presence of (-)-sparteine followed by electrophilic quench returned the 
racemic product (Scheme 171). This ruled out a dynamic thermodynamic resolution of the 
enantiomers under the influence of (-)-sparteine. 
 
 
Scheme 171 
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Also, transmetallation of enantiomerically pure 267 in the presence of (-)-sparteine followed by 
electrophilic substitution allowed isolation of enantioenriched 270, the enantiomer disfavoured 
by deprotonation/electrophilic substitution in the presence of (-)-sparteine (Scheme 172). 
 
 
Scheme 172 
 
This confirms the configurational stability of the lithioallyl intermediate and shows that 
enantioselectivity in electrophilic substitutions is determined by enantioselective deprotonation 
by the lithium-sparteine complex. 
 
Recent studies of aryl migration in ureas have applied the configurational stability of lithioallyl 
systems to the lithiation of allylic urea substrates 271 (Scheme 173).123 It has been shown that 
lithiation of these species occurs next to nitrogen and that aryl migration takes place. 
Reprotonation in the γ-position upon quenching gives urea 272. This urea can be arylated under 
standard coupling conditions. A second lithiation can be effected by a chiral lithium amide base 
275 to give a configurationally stable pi-allylic system. A second aryl migration takes place to 
give the enantioenriched 1,1-diarylallyl urea 274. 
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Scheme 173 
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We envisaged employing a similar allylic structure in the lithiation in thiocarbamates. If 
lithiated thiocarbamate 277 is configurationally stable, we might observe stereospecific aryl 
migration (Scheme 174). This would allow preparation of a wide range of tertiary thiol 
structures, and the double bond in the product may be used as a synthetic handle for further 
functionalisation. 
 
 
Scheme 174 
 
In order to carry out initial studies, we prepared thiocarbamate ±276a by sigmatropic 
rearrangement of O-allylic thiocarbamate 280a (Scheme 175). 
 
 
Scheme 175 
 
Substrate 281 was made by addition of N-methylaniline to thiophosgene. Further addition of 
deprotonated crotyl alcohol resulted in the isolation of 280a in 46 % over 2 steps (Scheme 176). 
 
 
Scheme 176 
123 
 
Sigmatropic rearrangement of 280a was carried out by heating to 120 ºC for 2 days under basic 
conditions (Scheme 177). Allylic thiocarbamate ±276a was isolated in excellent yield. 
 
 
Scheme 177 
 
Lithiation of ±276a was investigated. Substrate ±276a was subjected to standard conditions for 
aryl migration in benzylic thiocarbamates using LDA (Scheme 178).  
 
 
Scheme 178 
 
Pleasingly, aryl transfer was observed in excellent yield. Because of this promising result, 
parallel studies of aryl migration in allylic thiocarbamates were undertaken by Marju Laars.124 
 
In order to observe any degree of stereoselectivity in this rearrangement it was necessary to 
prepare thiocarbamate 276 in an enantiopure form. 
 
We have seen that sigmatropic rearrangement of O-allylic thiocarbamate 280a to form 276a 
occurs at high temperature. There are two reports in the literature outlining catalytic systems for 
carrying out this rearrangement asymmetrically under mild conditions. 
 
Gais and co-workers showed that rearrangement of O-allylic thiocarbamates could be carried 
out by palladium catalysis.125 Use of chiral bisphosphine 282 (Figure 36) induced 
enantioselectivity (Scheme 179). 
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Figure 36 
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Scheme 179 
 
Overman and co-workers also reported a system for carrying out enantioselective sigmatropic 
rearrangement of O-allylic thiocarbamates in similar yields and enantioselectivities (Scheme 
180).126 (R)-COP-Cl 287 is employed as the catalyst for rearrangement (Figure 37). 
 
 
Scheme 180 
 
 
Figure 37 
 
Both of these methods offer viable routes to allylic thiocarbamate substrates for aryl migration. 
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Enantiomerically enriched thiocarbamate 276a was prepared using (R)-COP-Cl (Scheme 181). 
276a was isolated with an enantiomeric ratio of 91:9. 
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Scheme 181 
 
Enantioenriched para-chlorophenyl-substituted thiocarbamate 276b was also prepared by this 
method. Again the product was isolated with an enantiomeric ratio of 91:9 (Scheme 182). 
 
 
Scheme 182 
 
Subjecting both of these thiocarbamates to the unoptimised conditions for aryl migration 
previously used with the racemic substrate resulted in isolation of both product thiocarbamates 
with excellent retention of enantiomeric ratio (Scheme 183). 
 
 
Scheme 183 
 
Because of the success in using LiTMP to effect stereoselective aryl migration in benzylic 
thiocarbamates its use was investigated in the lithiation of thiocarbamate 276a (Scheme 184). 
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Scheme 184 
 
Unfortunately, this offered no improvement upon the stereoselectivity observed with LDA. 
Product 278a was isolated with an enantiomeric ratio of 80:20 from a substrate of 88:12 
enantiomeric ratio. 
 
With these extremely promising initial results showing aryl migration in allylic thiocarbamate 
systems, asymmetric preparation of a wider range of tertiary thiol structures may be possible. 
Studies looking into optimisation, scope and synthetic utility of this chemistry are ongoing. 
 
 
5.6 Carbolithiation of vinylic thiocarbamates 
 
During the course of her investigations, Laars carried out lithiation of thiocarbamate 276c, 
which bears an aromatic substituent α to sulfur (Scheme 185). 
 
HO
ON S
O
Cl 1. LDA (2.5 equiv.),
THF, -78 °C, 1 h
2. N S
O
Cl
276c 288
72 %
 
Scheme 185 
 
None of the expected product of aryl transfer was observed. Thiocarbamate 288 was recovered 
in 72 % where isomerisation of the allylic double bond had taken place upon protonation. The 
reaction was repeated twice; once with a DMPU/THF solvent mixture and again at -60 ºC. 
Neither of these conditions was found to promote aryl migration in this substrate. The low 
reactivity of thiocarbamate 276c toward aryl migration may be explained by the stability of the 
lithiated intermediate. The aryl group adjacent to the lithiated centre stabilises the lithiated 
intermediate and so inhibits aryl migration. 
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However, isolation of the vinylic thiocarbamate 288 allowed us to investigate a possible 
carbolithiation/aryl migration cascade. 
 
Regioselective carbolithiation of O-enecarbamates127 and N-enecarbamates128, 129 is known to 
occur with lithiation α to the heteroatom. Recently, work within our group has focussed on 
carbolithiation of vinylic ureas.130 It has been shown that treatment of ureas 289 with an 
alkyllithium reagent results in regioselective and diastereoselective carbolithiation of the double 
bond where lithiation of the carbon α to nitrogen occurs (Scheme 186). This lithiated 
intermediate can then undergo aryl migration to give highly functionalised α tertiary ureas 291. 
Deprotection in refluxing n-butanol allows isolation of the amine 292. 
 
 
Scheme 186 
 
We wanted to investigate the possibility of applying this methodology to vinylic thiocarbamate 
substrates. 
 
Preparation of vinylic thiocarbamate 293 was achieved over 2 steps from 280d, which was 
prepared during studies of allylic thiocarbamates124 (Scheme 187).  
 
 
Scheme 187 
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Sigmatropic rearrangement of 280d resulted in the isolation of 276d. Isomerisation of the 
double bond with sodium hydride in DMF occurs in moderate yield to afford vinylic 
thiocarbamate 293. nOe NMR suggests that thiocarbamate 293 is formed as the Z isomer. 
Vinylic ureas prepared in this way are obtained in the Z configuration.130   
 
Carbolithiation of thiocarbamate 293 was attempted using iso-propyllithium under standard 
conditions for carbolithiation followed by aryl migration in vinylic ureas (Scheme 188). 
 
 
Scheme 188 
 
None of the expected product of aryl migration was observed. However, carbolithiation had 
taken place and thiocarbamate 295 was isolated in 76 % yield. In an effort to promote aryl 
migration, DMPU was added after 1 hour (Scheme 189). 
 
 
Scheme 189 
 
Again, only the product of carbolithiation was observed. It is possible that steric crowding 
might be hindering migration of an ortho-substituted aryl ring to a very hindered chiral centre. 
 
As with benzylic thiocarbamates, use of an ortho-methoxyphenyl-substituted substrate may not 
give representative reactivity for the study of lithiation of vinylic thiocarbamates. Continuing 
studies are looking into carbolithiation and aryl migration in thiocarbamate 296 (Figure 38). 
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Figure 38 
 
 
5.7 Aryl migration in alkyl thiocarbamates 
 
So far only species lithiated adjacent to unsaturated systems have been shown to undergo 
intramolecular aryl migration. It may be possible to lithiate thiocarbamates next to sulfur in the 
absence of a lithiation stabilising group such as a benzylic or allylic system. Should lithiation of 
an alkyl thiocarbamate 297 be possible, aryl migration may occur (Scheme 190). This would 
allow access to an even wider range of tertiary thiol structures in a minimal number of synthetic 
steps. 
 
 
Scheme 190 
 
In order to study this, thiocarbamate 297a was prepared from 3-methylbutane-2-thiol and 
carbamoylimidazolium salt 222f (Scheme 191). 
 
 
Scheme 191 
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The reaction proceeded smoothly; thiocarbamate 297a was isolated in 96 % yield. 
 
Lithiation of substrate 297a was attempted under standard conditions for aryl migration 
(Scheme 192). 
 
 
Scheme 192 
 
There was no colour change observed upon the addition of LDA to the reaction mixture. After 2 
hours TLC analysis showed the presence of only 297a. The reaction was quenched with 
iodomethane in an effort to ascertain whether any lithiation had taken place. 1H NMR of the 
crude reaction mixture showed only the presence of starting material. Therefore, no lithiation 
had taken place.  
 
LDA is apparently not basic enough to lithiate thiocarbamate 297a. A second attempt at reaction 
was made employing tert-butyllithium (Scheme 193). 
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Scheme 193 
 
This time a colour change was observed; the reaction mixture turned yellow upon addition of 
tert-butyllithium. The reaction was quenched after 1 hour. Once again, only starting material 
was observed in the reaction mixture. 
 
It is possible that ortholithiation of the aryl ring is favoured over lithiation α to sulfur, which 
may account for the colour change in the above reaction. N-arylamides are known to undergo 
ortholithiation with tert-butyllithium.131 
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Chapter 6: 
Future work 
 
 
6.1 Asymmetric alkylation and aryl migration 
 
It is possible to lithiate thiocarbamate 230 without observing aryl migration. We have shown 
that in the presence of chiral bisoxazoline 256 a single enantiomer of lithiated intermediate is 
formed (Scheme 194). This intermediate can be enantioselectively methylated by quenching 
with methyl triflate (Scheme 194, Route A). Enantiomerically enriched tertiary thiol 183 can be 
prepared by subsequent aryl migration and deprotection. 
 
 
Scheme 194 
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Further optimisation of this asymmetric alkylation/aryl migration sequence could provide higher 
enantioselectivity in the alkylation step. 
 
Lithiation of thiocarbamates 230b, 230e and 230f under standard conditions for aryl migration 
has resulted in the isolation of products of rearrangement (Figure 39). Therefore, substrates with 
electron deficient N-aryl rings or electron rich benzylic rings are unlikely to be stable under 
conditions for the enantiomeric resolution of the chiral lithiated intermediate 255. As such, a 
study of the scope and limitations of aryl substitution is required to determine the synthetic 
utility of this methodology. 
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Figure 39 
 
Variation of the quenching electrophile may also provide access to useful structures. Lithiated 
benzylic thiocarbamates undergo stereoselective reaction with a wide range of electrophiles, 
including acylation, silylation, addition to aldehydes and ketones as well as alkylation.62, 63 
 
Enantioselective aryl migration in lithiated intermediate 255 may also be possible (Scheme 194, 
Route B). Selectivity in this case may only be observed if aryl migration could be promoted 
without racemisation of the lithiated centre. This may be achieved by dropwise addition of a 
coordinating solvent such as DMPU or THF at -78 °C, or by raising the temperature of the 
lithiated material. Both of these methods may also promote racemisation. 
 
 
6.2 Aryl migration in allylic and vinylic thiocarbamates 
 
Initial studies show that aryl migration occurs in allylic thiocarbamate systems with a high 
degree of stereospecificity. Further investigations into the scope and application of this process 
are ongoing. 
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α-Aryl-N-vinylureas have been shown to undergo aryl migration under the influence of a chiral 
lithium amide.123 A similar procedure may allow preparation of enantiomerically pure 
diarylallyl thiocarbamates 303 (Scheme 195), although attempts at effecting aryl migration in 
thiocarbamate substrates 302 have so far been unsuccessful (see section 5.6, page 125). 
 
 
Scheme 195 
 
 
6.3 Carbolithiation of vinylic thiocarbamates 
 
Carbolithiation of 293 with iso-propyllithium proceeds in good yield. However, subsequent aryl 
migration has not been observed, even under strongly coordinating solvent conditions (see 
section 5.6, page 127). Further study of this method may develop general conditions for a 
diastereoselective carbolithiation/aryl migration cascade. 
 
Carbolithiation of vinyl thiocarbamates with terminal double bonds may also be possible 
(Scheme 196), although preparation of substrate 304 may be problematic. No reports of 
compounds of this type exist in the literature. 
 
 
Scheme 196 
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6.4 1,2-Shift in rearrangement products and thiocarbamates as protected isocyanates 
 
Deprotection of rearranged thiocarbamates is efficient under basic conditions. We assume that 
this proceeds by deprotonation of the nitrogen proton followed by elimination of 
methylisocyanate (Scheme 197). 
 
 
Scheme 197 
 
As discussed previously (see section 3.4, page 60), a similar deprotection of a lithiated N-H 
thiocarbamate has been observed where iso-propylisocyanate undergoes intramolecular 
recombination (Scheme 198).66 
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Scheme 198 
 
We have shown that lithiated N-H thiocarbamates are stable at -78 °C and deprotect upon 
warming. Lithiated aryl migration products of achiral thiocarbamate substrates may be doubly 
lithiated (Scheme 199). A 1,2-acyl shift may be possible upon warming of this reaction mixture. 
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Scheme 199 
 
If this method is general for thiocarbamates of this type, a range of quaternary α-thiolamide 
structures could be accessed from simple thiocarbamate substrates. 
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This process was attempted following aryl migration in thiocarbamate 230b. The reaction 
mixture was warmed to 0 °C after reaction at -78 °C (Scheme 200). 
 
 
Scheme 200 
 
Unfortunately, only the product of aryl migration was observed in the reaction mixture. 
Repeating the reaction with stirring at 0 °C for 30 min also showed no deprotection of the 
thiocarbamate. 
 
It is possible that this electron rich product of aryl migration is stable to deprotection at 0 °C. 
Warming to room temperature may promote deprotection and the product of acyl migration may 
be observed. 
 
The use of lithiated N-H thiocarbamates as protected isocyanates has not been studied. A study 
of this reactivity in compounds other than aryl migration substrates may allow access to useful 
structures. 
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Chapter 7: 
Experimental 
 
7.1 General information 
 
NMR spectra were recorded on a Bruker Ultrashield 300, 400 or 500 spectrometer. The 
chemical shifts (δ) are reported in ppm downfield of trimethylsilane and coupling constants (J) 
reported in hertz and rounded to 0.1 Hz. Splitting patterns are abbreviated as follows: singlet (s), 
doublet (d), triplet (t), quartet (q), quintet (qnt), septet (sept), mulitiplet (m), broad (br), or a 
combination of these.  Solvents were used as internal standard when assigning NMR spectra 
(δH: CDCl3 7.27 ppm; δC: CDCl3 77.0 ppm; δH: CD3OD 3.31 ppm; δC: CD3OD 49.0 ppm). 
Coupling constants were calculated using ACDLabs 11.0 1D NMR processor software.  
 
Low and high resolution mass spectra were recorded by staff at the University of Manchester.  
EI and CI spectra were recorded on a Fisons VG Trio 2000; and high resolution mass spectra 
(HRMS) were recorded on a Kratos Concept-IS mass spectrometer, and are accurate to ±0.001.  
Infrared spectra were recorded as on an Ati Matson Genesis Series FTIR spectrometer as a film 
on a sodium chloride plate.  Absorptions reported are sharp and strong unless otherwise stated 
as broad (br), medium (m), or weak (w), only absorption maxima of interest are reported. 
Melting points (Mpt.) were determined on a GallenKamp apparatus and are uncorrected.  
Optical rotation measurements were taken on a AA-100 polarimeter with the solvent, 
concentration and sample temperature as stated. 
 
Thin layer chromatography (TLC) was performed using commercially available pre-coated 
plates (Macherey-Nagel alugram. Sil G/UV254) and visualised with UV light at 254 nm, 
potassium permanganate dip, vanillin dip, anisaldehyde dip, or phosphomolybdic acid dip.  
Flash chromatography was carried out using Fluorochem Davisil 40-63u 60 Å.   
 
All reactions were conducted under a nitrogen atmosphere unless otherwise stated.  Where a 
nitrogen atmosphere is employed, oven or flame dried glassware was used. Tetrahydrofuran 
(THF) and diethyl ether (Et2O) were distilled under nitrogen from sodium, using benzophenone 
indicator. Dichloromethane (DCM) and toluene were obtained by distillation from calcium 
hydride under nitrogen. Petrol refers to the fraction of light petroleum ether boiling between 40 
and 65 °C. All other solvents and commercially obtained reagents were used as received or 
purified using standard procedures.  
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Chiral HPLC measurements were carried out using a Hewlett Packard Series 1050 instrument 
using a Daicel Chiralcel OD-H or a Daicel Chiralcel AD-H stationary phase with a mixture of 
hexane and isopropyl alcohol as eluent. Absorption was measured at 254 or 214 nm. 
 
General conditions for Chiral HPLC analysis: 
I:  Stationary phase: Chiralcel OD-H; mobile phase: hexane/isopropyl alcohol 95:5. 
II:  Stationary phase: Chiralcel AD-H; mobile phase: hexane/isopropyl alcohol 85:15. 
III:  Stationary phase: Chiralcel AD-H; mobile phase: hexane/isopropyl alcohol 95:5. 
 
Where racemic compounds are prepared using the same method as for enantiopure compounds, 
the procedure for the preparation of the enantiopure compound is described. Where variation of 
reaction conditions affords enantioenriched compounds of differing enantiomeric ratio and 
yield, the procedure for the preparation of the most enantiopure material is described. 
 
 
7.2 General Procedures 
 
General Procedure A – Preparation of N-methyl-N-aryl-1H-imidazole-1-carboxamides 
 
By the method of Batey and co-workers.99 
 
Substituted N-methyl aniline (1 eq) was added to a solution of carbonyl diimidazole (CDI) (2 
eq) in THF. The mixture was heated to reflux with stirring until completion. The mixture was 
cooled to room temperature and the solvent removed under reduced pressure. The resulting 
residue was redissolved in DCM and washed with water. The organic fraction was dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure to afford the N-
methyl-N-aryl-1H-imidazole-1-carboxamide. 
 
 
General Procedure B – Preparation of 3-methyl-1-(methyl(aryl)carbamoyl)-1H-imidazol-3-
ium iodides 
 
By the method of Batey and co-workers.99 
 
Iodomethane (4 eq) was added to a solution of N-methyl-N-aryl-1H-imidazole-1-carboxamide 
(1 eq) in acetonitrile. The mixture was heated to reflux with stirring until consummation of 
starting material was observed by TLC. The mixture was cooled to room temperature and the 
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solvent was removed under reduced pressure to afford the 3-methyl-1-(methyl(aryl)carbamoyl)-
1H-imidazol-3-ium iodide. 
 
 
General Procedure C – Preparation of thiocarbamates from thioesters 
 
By a modification of the method of Batey and co-workers.100 
 
Lithium aluminium hydride (1 eq, 1M in THF) was added dropwise to a solution of 1-arylethyl 
ethanethioate (1 eq) in Et2O. The mixture was heated to reflux with stirring for 1.5 hours then 
cooled to rt. Aqueous HCl (1 M) was added with care. The phases were separated and the 
aqueous layer extracted with Et2O. The combined organic fractions were dried over magnesium 
sulfate, filtered and the solvent removed under reduced pressure. The crude thiol was then 
dissolved in DCM. 3-Methyl-1-(methyl(aryl)carbamoyl)-1H-imidazol-3-ium iodide (1.1 eq) and 
triethylamine (1.2 eq) were added. The mixture was stirred until completion was observed by 
TLC. The mixture was extracted with aqueous HCl, dried over magnesium sulfate, filtered and 
the solvent removed under reduced pressure. The crude product was then purified by flash 
column chromatography as required. 
 
 
General Procedure D – Preparation of thiocarbamates from thiols 
 
By the method of Batey and co-workers.100 
 
Benzylic thiol was dissolved in DCM. 3-Methyl-1-(methyl(aryl)carbamoyl)-1H-imidazol-3-ium 
iodide (1.1 eq) and triethylamine (1.2 eq) were added. The mixture was stirred until completion 
was observed by TLC. The mixture was extracted twice with aqueous HCl (1M), dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude product 
was then purified by flash column chromatography as required. 
 
 
General Procedure E – Lithiation of benzylic thiocarbamates with LDA in THF 
 
n-Butyllithium (solution in hexanes, 2.5 eq) was added to a solution of diisopropylamine (3 eq) 
in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 °C. This solution 
was added by cannular to a cooled (-78 °C) solution of benzylic thiocarbamate (0.05 g, 1 eq) in 
THF (1.5 cm3). The mixture was allowed to stir for 1 or 2 hours. Propionic acid (3 eq) was 
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added and the mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) 
were added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 10 
cm3) and the combined organic fractions dried over magnesium sulfate, filtered and 
concentrated under reduced pressure. The crude product was then purified by flash column 
chromatography as required. 
 
 
General Procedure F – Lithiation of benzylic thiocarbamates with LDA in THF/DMPU 
 
n-Butyllithium (solution in hexanes, 2.5 eq) was added to a solution of diisopropylamine (3 eq) 
in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 °C. This solution 
was added by cannular to a cooled (-78 °C) solution of benzylic thiocarbamate (0.05 g, 1 eq) in 
THF (1 cm3) and DMPU (0.5 cm3). The mixture was allowed to stir for 1 or 2 hours. Propionic 
acid (3 eq) was added and the mixture allowed to warm to room temperature. Water (10 cm3) 
and Et2O (10 cm3) were added and the phases separated. The aqueous fraction was extracted 
with Et2O (2 x 10 cm3) and the combined organic fractions dried over magnesium sulfate, 
filtered and concentrated under reduced pressure. The crude product was then purified by flash 
column chromatography as required. 
 
 
General Procedure G – Lithiation of benzylic thiocarbamates with LiTMP in THF 
 
n-Butyllithium (solution in hexanes, 2.5 eq) was added to a solution of TMP (3 eq) in THF (1 
cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 °C. This solution was added 
by cannular to a cooled (-78 °C) solution of benzylic thiocarbamate (0.05 g, 1 eq) in THF (1.5 
cm3). The mixture was allowed to stir for 15 hours. Propionic acid (3 eq) was added and the 
mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) were added 
and the phases separated. The aqueous fraction was extracted with Et2O (2 x 10 cm3) and the 
combined organic fractions dried over magnesium sulfate, filtered and concentrated under 
reduced pressure. The crude product was then purified by flash column chromatography as 
required. 
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General Procedure H – One-pot lithiation/deprotection of benzylic thiocarbamates with 
LiTMP in THF 
 
n-Butyllithium (solution in hexanes, 2.5 eq) was added to a solution of TMP (3 eq) in THF (1 
cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 °C. This solution was added 
by cannular to a cooled (-78 °C) solution of benzylic thiocarbamate (0.05 g, 1 eq) in THF (1.5 
cm3). The mixture was allowed to stir for 15 hours. Propionic acid (3 eq) was added and the 
mixture allowed to warm to room temperature. Sodium ethoxide solution (21 % w/w in EtOH, 5 
eq) was added and the mixture stirred for a further 20 min. Water (10 cm3) and Et2O (10 cm3) 
were added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 10 
cm3) and the combined organic fractions dried over magnesium sulfate, filtered and 
concentrated under reduced pressure. The crude product was then purified by flash column 
chromatography as required. 
 
 
General Procedure I – Benzylic thiols by deprotection of benzylic thiocarbamates 
 
Sodium ethoxide solution (21 % w/w in EtOH, 2 eq) was added to a solution of benzylic 
thiocarbamate (1 eq) in EtOH (1 cm3) at 0 °C. This was stirred for 30 minutes and saturated 
ammonium chloride solution (1 cm3) added. The mixture was allowed to warm to room 
temperature. Water (10 cm3) and Et2O (10 cm3) were added and the phases separated. The 
aqueous fraction was extracted with Et2O (2 x 10 cm3) and the combined organic fractions dried 
over magnesium sulfate, filtered and concentrated under reduced pressure. The crude product 
was then purified by flash column chromatography as required.  
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7.3 Experimental Procedures 
 
 
187a: Thioacetic acid S-((S)-1-phenylethyl) ester83 
 
 
 
By the method of Mukaiyama and co-workers.83 
 
Oxalyl chloride (0.85 cm3, 10 mmol) was added to a stirred solution of DMF (0.85 cm3, 11 
mmol) in DCM (30 cm3) at 0 °C. The mixture was stirred for 5 minutes. (R)-1-Phenylethanol 
(1.2 cm3, 10 mmol), triethylamine (2.8 cm3, 20 mmol) and ethanethioic S-acid (0.5 cm3, 7 
mmol) were added sequentially. The mixture was warmed to room temperature and stirred for 
17 hours. Water (5 cm3) was added and the aqueous layer extracted with EtOAc (3 x 15 cm3). 
The combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/Et2O, 40:1) and the title compound isolated as a yellow oil (0.781 g, 62 
%).  
 
RF: 0.58 (petrol/Et2O, 9:1); [α]D22: -226.9 (c. 1.3, CHCl3); MS: m/z (EI) 180 (20%, M+); 
HRMS: found 180.0602, C10H12OS requires 180.0603; IR: νmax(film)/cm¹ 1690 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.35-7.24 (m, 5H, aryl), 4.75 (q, J 7.2 Hz, 1H, H-5), 2.30 (s, 3H, 
H-8), 1.66 (d, J 7.2 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 195.1 (C-7), 142.6, 128.6, 
127.3, 127.2 (aryl), 43.0 (C-5), 30.5 (C-8), 22.2 (C-6). Matches published data.63 
 
 
184a: (S)-1-Phenylethanethiol63 
 
 
 
By the method of Hoppe and co-workers.63 
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Lithium aluminium hydride (1.11 cm3, 1.11 mmol, 1M in THF) was added dropwise to a 
solution of thioacetic acid S-((S)-1-phenylethyl) ester (0.205 g, 1.14 mmol) in Et2O (5 cm3). The 
mixture was heated to reflux with stirring for 1.5 hours then cooled to rt. Aqueous HCl (10 cm3, 
1 M) was added with care. The phases were separated and the aqueous layer extracted with Et2O 
(3 x 10 cm3). The combined organic fractions were dried over magnesium sulfate, filtered and 
the solvent removed under reduced pressure. The title compound was tentatively assigned from 
the following data: 
 
¹H-NMR: (CDCl3, 200 MHz) δ 7.41-7.21 (m, 5H, aryl), 4.25 (dq, J 5.1, 7.0 Hz, 1H, H-5), 2.01 
(d, J 5.1 Hz, 1H, SH), 1.68 (d, J 7.0 Hz, 3H, H-6). Matches published data.63 
 
 
186b: (S)-1-(3-Trifluoromethylphenyl)ethanol132 
 
 
 
By the method of Noyori and co-workers.88 
 
Triethylamine (2.02 cm3, 12.00 mmol) and formic acid (1.13 cm3, 30.00 mmol) were stirred 
together at 0 °C and allowed to warm to room temperature. 3-Trifluoromethylacetophenone 
(0.68 cm3, 5.00 mmol) and [(p-cymene)RuCl((S,S)-N-(p-tolyenesulfonyl)-1,2-
diphenylethylenediamine)] (0.114 g, 0.02 mmol) were added and the mixture was stirred for 72 
hours. Water and EtOAc were added, the phases separated and the aqueous fraction extracted 
with EtOAc (3 x 10 cm3). The combined organic fractions were dried over magnesium sulfate, 
filtered and the solvent removed under reduced pressure. The crude product was purified by 
flash column chromatography (petrol/EtOAc, 4:1) and the title compound isolated as a 
colourless oil (0.764 g, 79%).  
 
RF: 0.17 (petrol/EtOAc, 4:1); [α]D22: -14.4 (c. 1.1, CHCl3); MS: m/z (ES-) 189 (100%, [M-H]-); 
HRMS: found 189.0525, C9H8OF3 requires 189.0527; IR: νmax (film)/cm¹ 3349 (OH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.66 (s, 1H, H-7), 7.58 - 7.45 (m, 3H, aryl), 4.97 (q, J 6.4 Hz, 1H, 
H-8), 2.01 (s, 1H, OH), 1.52 (d, J 6.4 Hz, 3H, H-9); ¹³C-NMR: (CDCl3, 100 MHz) δ 146.7 
(aryl), 130.8 (q, J 32 Hz, C-2), 129.0, 128.8 (aryl), 124.2 (q, J 271 Hz, C-1), 124.2, 122.2 (aryl), 
69.9 (C-8), 25.4 (C-9). Matches published data.132 
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±186b:  (±)-1-(3-Trifluoromethylphenyl)ethanol133 
 
Lithium aluminium hydride (8.00 cm3, 8.00 mmol, 1 M in THF) was added to a solution of 3-
trifluoromethyl acetophenone (0.8 cm3, 5.32 mmol) in Et2O (30 cm3) at 0 °C. The mixture was 
allowed to warm to room temperature and stirred for 3 hours. The mixture was cooled to 0 °C 
and EtOH (5 cm3) was added with care. A saturated aqueous solution of Rochelle salt (5 cm3) 
was added. Aqueous HCl (20 cm3, 1 M) was added and the phases separated. The organic phase 
was washed with brine (3 x 15 cm3). The combined aqueous fractions were extracted with Et2O 
(3 x 15 cm3). The combined organic fractions were dried over magnesium sulfate, filtered and 
the solvent removed under reduced pressure. The title compound was isolated without further 
purification as a colourless oil (1.002 g, 99 %). Relevant data matches 186b. 
 
 
186c: (S)-1-(4-Methoxyphenyl)ethanol88 
 
 
 
By the method of Noyori and co-workers.88 
 
Triethylamine (2.02 cm3, 12.0 mmol) and formic acid (1.13 cm3, 30 mmol) were stirred together 
at 0 °C and allowed to warm to room temperature. 4-Methoxy acetophenone (0.751 g, 5 mmol) 
and [(p-cymene)RuCl((S,S)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine)] (0.156 g, 
0.025 mmol) were added and the mixture was stirred for 72 hours. Water and EtOAc were 
added, the phases separated and the aqueous fraction extracted with EtOAc (3 x 10 cm3). The 
combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/EtOAc, 4:1) and the title compound was isolated as a colourless oil 
(0.728 g, 96%).  
 
RF: 0.38 (petrol/EtOAc, 1:1); [α]D22: -40.3 (c. 1.2, CHCl3); MS: m/z (EI) 151 (100%, [M-H]-); 
HRMS: found 137.0597, C8H9O2 requires 137.0597; IR: νmax (film)/cm¹ 3373 (OH); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.31 (d, J 8.8 Hz, 2H, H-4), 6.89 (d, J 8.8 Hz, 2H, H-3), 4.86 (q, J 4.8 Hz, 
1H, H-6), 3.81 (s, 3H, H-1), 1.48 (d, J 4.8 Hz, 3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 159.0, 
138.0, 126.7, 113.8 (aryl), 70.0 (C-6), 55.3 (C-1), 25.1 (C-7). Matches published data.134 
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187b: Thioacetic acid S-[(R)-1-(3-trifluoromethylphenyl)ethyl] ester 
 
 
 
Oxalyl chloride (0.27 cm3, 3.1 mmol) was added to a stirred solution of DMF (0.26 cm3, 3.4 
mmol) in DCM (20 cm3) at 0 °C. The mixture was stirred for 5 min. (S)-1-(3-
Trifluoromethylphenyl) ethanol (0.6 g, 3.1 mmol), triethylamine (0.87 cm3, 6.2 mmol) and 
ethanethioic S-acid (0.20 cm3, 2.8 mmol) were added sequentially. The mixture was warmed to 
room temperature and stirred for 18 hours. Water (5 cm3) was added, the phases separated and 
the aqueous layer extracted with EtOAc. The combined organic fractions were dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude product 
was purified by flash column chromatography (petrol/Et2O, 40:1) and the title compound 
isolated as a yellow oil (0.315 g, 45%).  
 
RF 0.33 (petrol/Et2O, 9:1); [α]D22: +125.9 (c. 1.0, CHCl3); MS: m/z (EI) 248 (20%, M+); 
HRMS: found 248.0480, C11H11OF3S requires 248.0477; IR: νmax (film)/cm¹ 1693 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.59-7.42 (m, 4H, aryl), 4.78 (q, J 7.3 Hz, 1H, H-8), 2.32 (s, 3H, 
H-11), 1.67 (d, J 7.1 Hz, 3H, H-9); ¹³C-NMR: (CDCl3, 100 MHz) δ 194.6 (C-10), 143.9 (aryl), 
131.0 (q, J 40 Hz, C-2), 130.8, 129.0, 124.1 (aryl), 124.0 (q, J 261 Hz, C-1), 123.9 (aryl), 42.4 
(C-8), 30.4 (C-11), 21.9 (C-9). 
 
 
193: [(p-Cymene)RuCl((S,S)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine)]87 
 
Ru
Cl
Ts
N
N
H2
 
 
By the method of Noyori and co-workers.87 
 
A mixture of di-µ-chlorobis(p-cymene)chlororuthenium(II) (0.124 g, 0.2 mmol), (1S, 2S)-N-p-
toluenesulfonyl-1,2-diphenylethylenediamine (0.132 g, 0.39 mmol), triethylamine (0.11 cm3, 
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0.8 mmol) and isopropanol (5 cm3) was heated to 80 °C for 1 hour. The solvent was removed 
under reduced pressure and the solid collected by filtration with elution with water. The product 
was allowed to dry under reduced pressure and isolated (0.118 g, 95 % mmol) as orange prisms. 
Data matches the reported literature.87 
 
 
187d: Thioacetic acid S-((R)-1-phenylbutyl) ester 
 
 
 
Oxalyl chloride (0.29 cm3, 3.3 mmol) was added to a stirred solution of DMF (0.28 cm3, 3.7 
mmol) in DCM (20 cm3) at 0 °C. The mixture was stirred for 5 min. (S)-1-Phenylbutan-1-ol 
(0.51 g, 3.3 mmol), triethylamine (0.93 cm3, 6.67 mmol) and ethanethioic S-acid (0.21 cm3, 3.00 
mmol) were added sequentially. The mixture was warmed to room temperature and stirred for 
18 hours. Water (5 cm3) was added, the phases separated and the aqueous layer extracted with 
EtOAc. The combined organic fractions were dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/Et2O, 40:1) and the title compound isolated as a yellow oil (0.110 g, 
18%).  
 
RF: 0.46 (petrol/Et2O, 9:1); [α]D20: +46.2 (c. 0.4, CHCl3); MS: m/z (ES+) 132 (100%, M+Na+); 
HRMS: found 231.0829, C12H18ONaS requires 231.0814; IR: νmax(film)/cm¹ 1690 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.33-7.19 (m, 5H, aryl), 4.56 (t, J 7.4 Hz, 1H, H-5), 2.27 (s, 3H, H-
10), 1.88 (q, J 7.7 Hz, 2H, H-6), 1.40-1.21 (m, 2H, H-7), 0.88 (t, J 7.4 Hz, 3H, H-8); ¹³C-NMR: 
(CDCl3, 100 MHz) δ 194.9 (C-9), 142.0, 128.5, 127.6, 127.2 (aryl), 47.8 (C-5), 38.3 (C-6), 30.5 
(C-10), 20.7 (C-7), 13.6 (C-8). 
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±200a:  (±)-(4-Methoxyphenyl)thiocarbamic acid S-(1-phenylethyl) ester 
 
 
 
1-Isocyanato-4-methoxybenzene (0.30 cm3, 2.3 mmol) was added to a solution of (±)-1-
phenylethanethiol (0.23 cm3, 1.68 mmol) in DCM (4 cm3) at room temperature with stirring for 
4 hours. The solvent was removed under reduced pressure and the crude product was purified by 
flash column chromatography (petrol/EtOAc, 6:1) to afford the title compound as an amorphous 
white solid (0.21 g, 39 %).  
 
RF: 0.50 (petrol/EtOAc, 8:1); Mpt: 85-87 ºC (petrol); MS: m/z (ES+) 310 (100%, M+Na+); 
HRMS: found 310.0864, C16H17NO2NaS requires 310.0872; IR: νmax(film)/cm¹ 1652 (C=O), 
3292 (NH); ¹H-NMR: (CDCl3, 400 MHz) δ 7.40-7.23 (m, 7H, aryl), 6.84 (m, 2H, H-10), 6.53 
(br s, 1H, NH), 4.79 (q, J 7.2 Hz, 1H, H-5), 3.78 (s, 3H, H-12), 1.73 (d, J 7.2 Hz, 3H, H-6); ¹³C-
NMR: (CDCl3, 100 MHz) δ 142.9, 141.8, 128.6, 128.5, 127.9, 127.3, 127.3, 126.1, 114.3 (aryl, 
C-7), 55.5 (C-12), 44.4 (C-5), 22.9 (C-6). 
 
 
Naphthalen-1-ylcarbamic acid benzyl ester135 
 
 
 
Benzyl chloroformate (1.90 cm3, 13 mmol) was added dropwise to a stirred mixture of 
naphthalen-1-amine (1.557 g, 11 mmol) and pyridine (1.10 cm3, 14 mmol) at room temperature. 
The mixture was stirred for 20 hours. The mixture was partitioned between saturated aqueous 
sodium bicarbonate solution and DCM and separated. The aqueous fraction was extracted with 
DCM (3 x 20 cm3), the combined organic fractions dried over sodium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/EtOAc, 9:1) and the title compound isolated as an amorphous pink solid 
(2.86 g, 98 %).  
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RF: 0.31 (petrol/EtOAc, 9:1); Mpt: 136-138 ºC (DCM); MS: m/z (ES+) 278 (45%, M+H+), 300 
(30%, M+Na+); HRMS: found 278.1180, C18H16NO2 requires 278.1179; IR: νmax(film)/cm¹ 
3277 (NH), 1690 (C=O); ¹H-NMR: (CDCl3, 300 MHz) δ 7.89-7.86 (m, 3H, aryl), 7.69 (d, J 8.0 
Hz, 1 H, aryl), 7.55-7.35 (m, 8H, aryl), 7.01 (br s, 1H, NH), 5.27 (s, 2H, H-12); ¹³C-NMR: 
(CDCl3, 400 MHz) δ 154.7 (C-7), 136.1, 134.1, 132.4, 128.8, 128.7, 128.4, 128.4, 126.3, 126.0, 
125.8, 125.1, 120.4, 120.4, 119.1 (aryl), 67.3 (C-12). Matches published data.135 
 
 
N-Methylnaphthalen-1-amine136 
 
1
2
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Lithium aluminium hydride (6.8 cm3, 2 M in THF, 13.6 mmol) was added dropwise at 0 °C to a 
solution of naphthalen-1-ylcarbamic acid benzyl ester (2.481 g, 9 mmol) in THF (50 cm3). The 
mixture was heated to reflux, stirred for 4 hours then allowed to cool to room temperature. 
Water (0.5 cm3) was added dropwise followed by stirring for 10 minutes. Aqueous sodium 
hydroxide solution (0.5 cm3, 15 % w/w) was added followed by stirring for 30 min. Water (1.5 
cm3) was added and the mixture stirred for 1 hour. The resulting suspension was filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/EtOAc, 9:1) to afford the title compound as a brown oil (1.167 g, 82%).  
 
RF: 0.25 (petrol/EtOAc, 9:1); MS: m/z (ES+) 158 (100%, M+H+); HRMS: found 158.0973, 
C11H12N requires 158.0964; IR: νmax(film)/cm¹ 3440 (NH); ¹H-NMR: (CDCl3, 300 MHz) δ 
7.78-7.83 (m, 2H, aryl), 7.36-7.45 (m, 3H, aryl), 7.24-7.27 (m, 1H, aryl), 6.62 (d, J 7.5 Hz, 1H, 
aryl), 4.45 (br s, 1H, NH), 3.03 (s, 3H, H-11); ¹³C-NMR: (CDCl3, 75.5 MHz) δ 144.6, 134.3, 
128.7, 126.7, 125.7, 124.7, 123.5, 119.8, 117.3, 103.8 (aryl), 31.1 (C-11). Matches published 
data.137 
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207a: Methyl p-tolylcarbamic chloride96 
 
 
 
The title compound was isolated from the following procedure: 
 
Triphosgene (0.284 g, 0.96 mmol) was added to a solution of methyl-p-tolylamine (0.39 cm3, 
3.00 mmol) and triethylamine (0.84 cm3, 6.04 mmol) in DCM (10 cm3) at 0 °C. The mixture 
was stirred for 1.5 hours. (±)-1-Phenylethanethiol (0.221 g, 1.60 mmol) was added and the 
mixture allowed to warm to room temperature with stirring for 18 hours. Saturated aqueous 
sodium bicarbonate solution (20 cm3) was added and the phases separated. The aqueous phase 
was extracted with DCM (3 x 20 cm3), the combined organic fractions dried over sodium 
sulfate, filtered and the solvent removed under reduced pressure. The crude mixture was 
purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title compound as 
colourless prisms (0.449 g, 81 %). 
 
RF: 0.45 (petrol/EtOAc, 8:1); Mpt: 114-116 ºC (DCM); MS: m/z (ES+) 184 (15%, M+H+), 206 
(10%, M+Na+); IR: νmax(film)/cm¹ 1742 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.23 (d, J 8.1 
Hz, 2H, H-3 or 4), 7.12 (d, J 8.1 Hz, 2H, H-3 or 4), 3.13 (s, 3H, H-6), 2.22 (s, 3H, H-1); ¹³C-
NMR: (CDCl3, 75.5 MHz) δ 161.6 (C-7), 143.2, 134.5, 129.2, 125.6 (aryl), 39.5 (C-6), 20.8 (C-
1). Matches published data.96 
 
 
207e: (4-Methoxyphenyl)methylcarbamic chloride96 
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Triphosgene (0.305 g, 1.03 mmol) was added to a mixture of (4-methoxyphenyl)methylamine 
(0.414 g, 3.02 mmol) and triethylamine (0.84 cm3, 6.04 mmol) in DCM (10 cm3) at 0 °C. The 
mixture was stirred for 1.5 hours. Saturated aqueous sodium bicarbonate solution (20 cm3) was 
added and the phases separated. The aqueous phase was extracted with DCM (3 x 20 cm3). The 
combined organic fractions were dried over sodium sulfate, filtered and the solvent removed 
under reduced pressure. The title compound was isolated without further purification as a brown 
oil (0.539 g, 90%). 
 
RF: 0.30 (petrol/Et2O, 2:1); MS: m/z (ES+) 200 (100%, M(35Cl)+H+), 202 (35%, M(37Cl)+H+), 
222 (50%, M(35Cl)+Na+), 224 (20%, M(37Cl)+Na+); HRMS: found 200.0479, C9H11NO2Cl 
requires 200.0473; IR: νmax(film)/cm¹ 1737 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.15 (d, J 
8.8 Hz, 2H, H-4), 6.92 (d, J 8.8 Hz, 2H, H-3), 3.83 (s, 3H, H-1), 3.34 (s, 3H, H-6); ¹³C-NMR: 
(CDCl3,  100 MHz) δ 159.4 (C-7), 149.7, 136.3, 128.5, 114.7 (aryl), 55.5 (C-1), 40.5 (C-6). 
Matches published data.96 
 
 
207f: Methylnaphthalen-1-ylcarbamic chloride96 
 
 
 
Triphosgene (0.623 g, 2.10 mmol) was added to a solution of methylnaphthalen-1-ylamine 
(1.009 g, 6.43 mmol) and triethylamine (1.40 cm3, 10.06 mmol) in DCM (30 cm3) at 0 °C. The 
mixture was warmed to room temperature with stirring for 22 hours. Saturated aqueous sodium 
bicarbonate solution (30 cm3) was added and the phases separated. The aqueous fraction was 
extracted with DCM (3 x 20 cm3). The combined organic fractions were dried over sodium 
sulfate, filtered and the solvent removed under reduced pressure. The title compound was 
isolated without further purification as a pale brown/pink amorphous solid (1.235 g, 88 %).  
 
RF: 0.32 (petrol/EtOAc, 7:1); Mpt: 96-98 ºC (DCM); MS: m/z (ES+) 220 (50%, M+H+), 242 
(100%, M+Na+); HRMS: found 220.0526, C12H11NCl requires 220.0524; IR: νmax(film)/cm¹ 
1731 (C=O); ¹H-NMR: (CDCl3, 300 MHz) δ 7.93 (dd, J 7.4, 7.3 Hz, 2H, aryl), 7.83 (m, 1H, 
aryl), 7.60 (m, 2H, aryl), 7.52 (m, 1H, aryl), 7.42 (dd, J 7.3, 1.0 Hz, 1H, aryl), 3.48 (s, 3H, H-
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11); ¹³C-NMR: (CDCl3, 75.5 MHz) δ 150.2 (C-12), 139.5, 134.6, 129.7, 129.4, 128.7, 127.7, 
126.8, 125.8, 125.7, 122.0 (aryl), 40.1 (C-11). Matches published data.96 
 
 
221a: N-Methyl-N-p-tolyl-1H-imidazole-1-carboxamide 
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General procedure A was followed using N,4-dimethylbenzeneamine (1.3 cm3, 10.0 mmol), 
CDI (3.244 g, 20.0 mmol) in THF (20 cm3) with stirring for 18 hours. The title compound was 
isolated as colourless prisms (1.782 g, 83 %).  
 
RF: 0.45 (EtOAc); Mpt: 118-121 ºC (DCM); MS: m/z (ES+) 216 (100%, M+H+); HRMS: 
found 216.1133, C12H14N3O requires 216.1131; IR: νmax(film)/cm¹ 1687 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.53 (s, 1H, H-8), 7.16 (d, J 8.1 Hz, 2H, H-4), 6.99 (d, J 8.1 Hz, 2H, H-3), 
6.87 (m, 1H, H-9 or 10), 6.80, (m, 1H, H-9 or 10), 3.45 (s, 3H, H-6), 2.34 (s, 3H, H-1); ¹³C-
NMR: (CDCl3, 100 MHz) δ 150.3 (C-7), 140.3, 138.2, 137.7, 130.9, 128.9, 125.7, 118.5 (aryl), 
40.2 (C-6), 21.1(C-1). 
 
 
221b: N-(4-Methoxyphenyl)-N-methyl-1H-imidazole-1-carboxamide 
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General procedure A was followed using 4-methoxy-N-methylbenzenamine (0.503 g, 3.67 
mmol), CDI (1.130 g, 7.00 mmol) in THF (10 cm3) with stirring for 6 hours. The title compound 
was isolated as a pink amorphous solid (0.810 g, 95 %).  
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RF: 0.1 (petrol/EtOAc, 1:1); Mpt: 47-49 ºC (DCM); MS: m/z (ES+) 232 (20%, M+H+); HRMS: 
found 232.1074, C12H14N3O2 requires 232.1081; IR: νmax(film)/cm¹ 1698 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.54 (s, 1H, H-8), 7.04 (d, J 9.0 Hz, 2H, H-4), 6.89-6.87 (m, 3H, H-3 and 
H-9 or 10), 6.81 (s, 1H, H-9 or 10), 3.80 (s, 3H, H-1), 3.44 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 
100 MHz) δ 159.1 (C-2), 150.3 (C-7), 137.8, 135.5, 128.9, 127.2, 118.6, 115.4 (aryl), 55.5 (C-
1), 40.4 (C-6). 
 
 
221c: N-(4-Chlorophenyl)-N-methyl-1H-imidazole-1-carboxamide 
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General procedure A was followed using 4-chloro-N-methylbenzenamine (1.20 cm3, 10.0 
mmol) and CDI (3.246 g, 20.0 mmol) in THF (20 cm3) with stirring for 23 hours. The title 
compound was isolated as an amorphous white solid (2.310 g, 99 %).  
 
RF: 0.37 (EtOAc); Mpt: 110-112 ºC (DCM); MS: m/z (ES+) 236 (100%, M+H+); HRMS: 
found 236.0596, C11H11N3OCl requires 236.0585; IR: νmax(film)/cm¹ 1700 (C=O); ¹H-NMR: 
(CDCl3, 300 MHz) δ 7.59 (s, 1H, H-7), 7.35-7.34 (m, 2H, H-2), 7.06-7.04 (m, 2H, H-3), 6.87-
6.85 (m, 2H, H-8 and H-9), 3.47 (s, 3H, H-5); ¹³C-NMR: (CDCl3, 100 MHz) δ 150.1 (C-6), 
141.5, 137.6, 133.9, 130.5, 129.3, 127.1, 118.3 (aryl), 40.1 (C-5). 
 
 
221d: Imidazole-1-carboxylic acid (4-cyanophenyl)methylamide 
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General procedure A was followed using 4-methylaminobenzonitrile (1.518 g, 11.50 mmol), 
CDI (3.680 g, 22.72 mmol) in THF (20 cm3) with stirring for 10 days. The title compound was 
isolated as colourless prisms (2.43 g, 95 %).  
 
RF: 0.35 (EtOAc); Mpt: 136-138 ºC (DCM); MS: m/z (ES+) 249 (35%, M+Na+); HRMS: 
found 249.0747, C12H10N4ONa requires 249.0747; IR: νmax(film)/cm¹ 1700 (C=O), 2229 (CN); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.68 (d, J 8.8 Hz, 2H, H-3), 7.64 (br s, 1H, H-8), 7.22 (d, J 8.8 
Hz, 2H, H-4), 6.90-6.88 (m, 1H, H-9 or 10), 6.87-6.85 (m, 1H, H-9 or 10), 3.54 (s, 3H, H-6); 
¹³C-NMR: (CDCl3, 100 MHz) δ 147.0 (C-7), 137.4, 134.1, 129.9, 126.0 (aryl), 118.1 (aryl or C-
1), 117.6 (aryl or C-1), 111.4 (C-2), 39.7 (C-6). 
 
 
221e: Imidazole-1-carboxylic acid methyl(2,4,6-trimethylphenyl)amide 
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General procedure A was followed using methyl(2,4,6-trimethylphenyl)amine (0.92 cm3, 5.77 
mmol), CDI (1.957 g, 12.10 mmol) in THF (20 cm3) with stirring for 4 days. The title 
compound was isolated as a white amorphous solid (1.00 g, 71 %).  
 
RF: 0.53 (EtOAc); Mpt: 92-94 ºC (DCM); MS: m/z (ES+) 266 (70%, M+Na+); HRMS: found 
266.1250, C14H17N3ONa requires 266.1264; IR: νmax(film)/cm¹ 1698 (C=O); ¹H-NMR: 
(CDCl3, 300 MHz) δ 7.44 (br s, 1H, H-9), 6.94 (s, 2H, H-3), 6.85 (s, 1H, H-10 or 11), 6.81 (s, 
1H, H-10 or 11), 3.33 (s, 3H, H-7), 2.30 (s, 3H, H-1), 2.15 (s, 6H, H-4); ¹³C-NMR: (CDCl3, 100 
MHz) δ 150.3 (C-8), 139.2, 137.5, 137.4, 135.1, 130.3, 129.0, 118.3 (aryl), 38.0 (C-7), 21.0, 
17.5 (C-1,4). 
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221f: Imidazole-1-carboxylic acid methylphenylamide98 
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General procedure A was followed using N-methylphenylamine (1.09 cm3, 10.0 mmol), CDI 
(3.240 g, 20.0 mmol) in THF (20 cm3) with stirring for 20 hours. The title compound was 
isolated as colourless prisms (2.005 g, 99 %).  
 
RF: 0.4 (EtOAc); Mpt: 55-57 ºC (DCM); MS: m/z (ES+) 202 (35%, M+H+); HRMS: found 
202.0984, C11H12N3O requires 202.0975; IR: νmax(film)/cm¹ 1700 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 7.58 (br s, 1H, H-7), 7.42 - 7.31 (m, 3H, aryl), 7.15 - 7.12 (m, 2H, aryl), 6.87-6.85 
(m, 1H, H-8 or 9), 6.83-6.81 (m, 1H, H-8 or 9), 3.50 (s, 3H, H-5); ¹³C-NMR: (CDCl3, 100 
MHz) δ 150.3 (C-6), 143.0, 137.7, 130.3, 129.0, 128.1, 126.0, 118.4 (aryl), 40.2 (C-5). Matches 
published data.99 
 
 
221g: N-(2-Methoxyphenyl)-N-methyl-1H-imidazole-1-carboxamide 
 
 
 
General procedure A was followed using 2-methoxy-N-methyl aniline (1.375 g, 10.0 mmol), 
CDI (3.244 g, 20.0 mmol) in THF (20 cm3) with stirring for 48 hours. The title compound was 
isolated as off-white prisms (2.180 g, 94 %).  
 
RF: 0.58 (EtOAc); Mpt: 60-62 ºC (DCM); MS: m/z (ES+) 232 (100%, M+H+); HRMS: found 
232.1085, C12H14N3O2 requires 232.1081; IR: νmax(film)/cm¹ 1702 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 7.59 (s, 1H, H-10), 7.29 (ddd, J 8.3, 7.6, 1.7 Hz, 1H, H-6), 7.17 (dt, J 7.7, 1.6 Hz, 
1H, H-4), 6.97 (ddd, J 7.6, 7.6, 1.2 Hz, 1H, H-5), 6.90, (m, 2H, H-3 and H-11 or 12), 6.78 (s, 
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1H, H-11 or 12), 3.71 (s, 3H, H-1), 3.37 (s, 3H, H-8); ¹³C-NMR: (CDCl3, 100 MHz) δ 154.2 
(C-2), 151.3 (C-9), 137.4, 131.6, 129.8, 128.6, 127.8, 121.7, 118.1, 112.4 (aryl), 55.6 (C-1), 
39.1 (C8). 
 
 
221h: Imidazole-1-carboxylic acid (3-chlorophenyl)methylamide 
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General procedure A was followed using (3-chlorophenyl)methylamine (1.73 cm3, 14.12 
mmol), CDI (4.580 g, 28.24 mmol) in THF (30 cm3) with stirring for 2 days. The title 
compound was isolated as colourless prisms (3.302 g, 99 %).  
 
RF: 0.35 (EtOAc); Mpt: 73-75 ºC (DCM); MS: m/z (ES+) 236 (40%, M+H+); HRMS: found 
236.0595, C11H11N3OCl requires 236.0585; IR: νmax(film)/cm¹ 1700 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.63 (t, J 1.0 Hz, 1H, H-9), 7.32-7.30 (m, 2H, aryl), 7.20-7.18 (m, 1H, 
aryl), 7.00-6.97 (m, 1H, aryl), 6.89-6.88 (m, 1H, H-10 or 11), 6.86 (m, 1H, H-10 or 11), 3.42 (s, 
3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 150.1 (C-8), 144.2, 137.6, 135.8, 131.2, 129.4, 
128.3, 126.1, 124.1, 118.3 (aryl), 40.1 (C-7). 
 
 
221i: Imidazole-1-carboxylic acid methylnaphthalen-1-ylamide 
 
 
 
General procedure A was followed using methylnaphthalen-1-ylamine (0.990 g, 6.37 mmol), 
CDI (2.064 g, 12.74 mmol) in THF (20 cm3) with stirring for 2 days. The title compound was 
isolated as colourless prisms (1.21 g, 75 %).  
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RF: 0.52 (EtOAc); Mpt: 107-109 ºC (DCM); MS: m/z (ES+) 274 (100%, M+Na+), 252 (15%, 
M+H+); HRMS: found 252.1138, C15H14N3O requires 252.1131; Elem. Anal.: found (%): C 
71.59, H 4.89, N 16.62, calculated (%): C 71.70, H 5.21, N 16.72; IR: νmax(film)/cm¹ 1682 
(C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.97-7.89 (m, 3H, aryl), 7.67-7.60 (m, 2H, aryl), 7.52 
(br s, 1H, H-13), 7.43 (t, J 7.8 Hz, 1H, aryl), 7.28-7.26 (m, 1H, aryl), 6.76 (br s, 1H, H-14 or 
15), 6.69 (br s, 1H, H-14 or 15), 3.56 (s, 3H, H-11); ¹³C-NMR: (CDCl3, 100 MHz) δ 151.1 (C-
12), 138.9, 137.3, 134.8, 129.5, 129.2, 129.2, 128.7, 128.3, 127.3, 126.0, 125.1, 121.6, 118.2 
(aryl), 40.3 (C-11). 
 
 
221j: Imidazole-1-carboxylic acid (3-fluorophenyl)methylamide 
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General procedure A was followed using (3-fluorophenyl)methylamine (0.63 cm3, 5.60 mmol), 
CDI (1.810 g, 11.20 mmol) in THF (10 cm3) with stirring for 4 days. The title compound was 
isolated as white cubes (1.22 g, 99 %).  
 
RF: 0.39 (EtOAc); Mpt: 56-58 ºC (DCM); MS: m/z (ES+) 220 (30%, M+H+); HRMS: found 
220.0887, C11H11N3OF requires 220.0881; IR: νmax(film)/cm¹ 1703 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 7.62 (s, 1H, H-9), 7.32 - 7.38 (m, 1H, H-10 or 11), 7.01 - 7.07 (m, 1H, H-10 or 11), 
6.86 - 6.91 (m, 4H, aryl), 3.49 (s, 3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 165.8 (d, J 249 Hz, 
C-2), 150.1 (H-8), 144.4 (d, J 9 Hz, C-6), 137.6 (aryl), 131.5 (d, J 9 Hz, C-4), 129.4 (aryl), 
121.7 (d, J 3 Hz, C-5), 118.3 (aryl), 115.2 (d, J 20 Hz, C-1 or 3), 113.4 (d, J 23 Hz, C-1 or 3), 
40.1 (C-7). 
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222a: 3-Methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide 
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General procedure B was followed using N-methyl-N-p-tolyl-1H-imidazole-1-carboxamide 
(2.137 g, 10.00 mmol) and iodomethane (2.49 cm3, 40.00 mmol) in acetonitrile (20 cm3) with 
stirring for 4.5 hours. The title compound was isolated as a yellow amorphous solid (3.343 g, 94 
%).  
 
RF: 0.04 (EtOAc); Mpt: 144-146 ºC (MeCN); MS: m/z (ES+) 230 (100%, M-I-); HRMS: found 
230.1295, C13H16N3O requires 230.1288; IR: νmax(film)/cm¹ 1731 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 9.73 (br s, 1H, H-8), 7.51 (br s, 1H, H-9 or 10), 7.31 (d, J 8.3 Hz, 2H, H-3 or 4), 
7.23 (d, J 8.3 Hz, 2H, H-3 or 4), 7.00 (br s, 1H, H-9 or 10), 4.10 (s, 3H, H-11), 3.50 (s, 3H, H-
6), 2.34 (s, 3H, H-1); ¹³C-NMR: (CDCl3, 100 MHz) δ 145.9 (C-7), 139.7, 138.4, 137.9, 131.5, 
126.4, 123.5, 121.0 (aryl), 41.2, 38.1 (C-6,11), 21.2 (C-1). 
 
 
222b: 1-[(4-methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide 
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General procedure B was followed using N-(4-methoxyphenyl)-N-methyl-1H-imidazole-1-
carboxamide (0.520 g, 2.20 mmol) and iodomethane (0.54 cm3, 8.70 mmol) in acetonitrile (10 
cm3) with stirring for 2 hours. The title compound was isolated as a dull green amorphous solid 
(0.7678 g, 95 %).  
 
RF: 0.03 (EtOAc); Mpt: 139-141 ºC (MeCN); MS: m/z (ES+) 246 (100%, M-I-); HRMS: found 
246.1240, C13H16N3O2 requires 246.1237; IR: νmax(film)/cm¹ 1731 (C=O); ¹H-NMR: (CDCl3, 
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500 MHz) δ 9.69 (br s, 1H, H-8), 7.39 (d, J 8.5 Hz, 2H, H-4), 7.35 (br s, 1H, H-9 or 10), 7.02 
(br s, 1H, H-9 or 10), 6.95 (d, J 8.5 Hz, 2H, H-3), 4.10 (s, 3H, H-11), 3.82 (s, 3H, H-1), 3.51 (s, 
3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 159.9 (C-2), 145.9 (C-7), 138.4, 133.0, 128.0, 123.3, 
121.1, 116.0 (aryl), 55.7 (C-1), 41.3, 38.1 (C-6,11). 
 
 
222c: 1-[(4-chlorophenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide138 
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General procedure B was followed using N-(4-chlorophenyl)-N-methyl-1H-imidazole-1-
carboxamide (1.184 g, 5.00 mmol) and iodomethane (1.25 cm3, 20.00 mmol) in acetonitrile (20 
cm3) with stirring for 8 hours. The title compound was isolated as an orange amorphous solid 
(1.744 g, 92 %).  
 
RF: 0.03 (EtOAc); Mpt: 120-122 ºC (MeCN); MS: m/z (ES+) 250 (100%, M-I-); HRMS: found 
250.0736, C12H13N3OCl requires 250.0742; IR: νmax(film)/cm¹ 1731 (C=O); ¹H-NMR: 
(CD3OD, 400 MHz) δ 9.29 (br s, 1H, H-7), 7.48-7.45 (m, 3H, H-8 or 9 and H-2), 7.38 (d, J 8.7 
Hz, 2H, H-3), 7.31 (br s, 1H, H-8 or 9), 3.91 (s, 3H, H-10), 3.53 (s, 3H, H-5); ¹³C-NMR: 
(CD3OD, 100 MHz) δ 147.6 (C-6), 141.3, 135.7, 131.6, 129.3, 124.6, 122.8 (aryl), 41.0, 37.3 
(C-5,10). 
 
 
222d: 3-[(4-Cyanophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide 
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General procedure B was followed using imidazole-1-carboxylic acid (4-
cyanophenyl)methylamide (2.209 g, 9.73 mmol) and iodomethane (2.43 cm3, 38.94 mmol) in 
acetonitrile (40 cm3) with stirring for 4 hours. The title compound was isolated as yellow prisms 
(3.532 g, 98 %).  
 
RF: 0.03 (EtOAc); Mpt: 178-180 ºC (DCM); MS: m/z (ES+) 241 (100%, M-I-); HRMS: found 
241.1077, C13H13N4O requires 241.1084; IR: νmax(film)/cm¹ 1729 (C=O), 2229 (CN); ¹H-
NMR: (CD3OD, 400 MHz) δ 9.36 (br s, 1H, exchanges with MeOD, H-8), 7.83 (d, J 8.4 Hz, 
2H, H-3), 7.60 (d, J 8.4 Hz, 2H, H-4), 7.50 (br s, 1H, H-9 or 10), 7.38 (br s, 1H, H-9 or 10), 
3.94 (s, 3H, H-11), 3.59 (s, 3H, H-6); ¹³C-NMR: (CD3OD, 100 MHz) δ 147.6, 146.5 (C-7, aryl), 
139.9, 135.4, 128.4, 124.8, 122.8 (aryl), 118.7 (C-1), 113.4 (C-2), 40.7, 37.3 (C-6,11).  
 
 
222e: 1-Methyl-3-[methyl(2,4,6-trimethylphenyl)carbamoyl]-3H-imidazol-1-ium iodide 
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General procedure B was followed using imidazole-1-carboxylic acid methyl(2,4,6-
trimethylphenyl)amide (0.989 g, 4.10 mmol) and iodomethane (1.02 cm3, 16.45 mmol) in 
acetonitrile (20 cm3) with stirring for 4 hours. The title compound was isolated as yellow prisms 
(0.512 g, 96 %).  
 
RF: 0.05 (EtOAc); Mpt: 160 ºC (decomposition); MS: m/z (ES+) 258 (100%, M-I-); HRMS: 
found 258.1598, C15H20N3O requires 258.1601; IR: νmax(film)/cm¹ 1724 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 9.38 (br s, 1H, H-9), 7.79-7.77 (m, 1H, H-10 or 11), 7.00 (s, 2H, H-3), 
6.62-6.60 (m, 1H, H-10 or 11), 4.18 (s, 3H, H-12), 3.38 (s, 3H, H-7), 2.32 (s, 3H, H-1), 2.24 (s, 
6H, H-4); ¹³C-NMR: (CDCl3, 100 MHz) δ 145.9 (C-8), 140.7, 138.3, 135.2, 134.9, 131.0, 
124.8, 120.2 (aryl), 39.0, 38.7 (C-7,12), 21.1, 18.1 (C-1,4). 
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222f: 1-Methyl-3-(methylphenylcarbamoyl)-3H-imidazol-1-ium iodide98 
 
 
 
 
General procedure B was followed using imidazole-1-carboxylic acid methylphenylamide 
(2.012 g, 10.00 mmol) and iodomethane (2.49 cm3, 40.00 mmol) in acetonitrile (20 cm3) with 
stirring for 4 hours. The title compound was isolated as yellow prisms (3.204 g, 93 %).  
 
RF: 0.03 (EtOAc); Mpt: 104-106 ºC (DCM); MS: m/z (ES+) 216 (100%, M-I-); HRMS: found 
216.1121, C12H14N3O requires 216.1131; IR: νmax(film)/cm¹ 1729 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 9.77 (br s, 1H, H-7), 7.50-7.38 (m, 6H, aryl and H-8 or 9), 7.07 (br s, 1H, H-8 or 
9), 4.10 (s, 3H, H-10), 3.56 (s, 3H, H-5); ¹³C-NMR: (CDCl3, 100 MHz) δ 145.8 (C-6), 140.5, 
138.4, 130.9, 129.4, 126.7, 123.3, 121.0 (aryl), 41.1, 38.1 (C-5,10). Matches published data.99 
 
 
222:g 1-[(2-Methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide 
 
 
 
General procedure B was followed using N-(2-methoxyphenyl)-N-methyl-1H-imidazole-1-
carboxamide (1.161 g, 5.00 mmol) and iodomethane (1.25 cm3, 20.00 mmol) in acetonitrile (20 
cm3) with stirring for 16 hours. The title compound was isolated as an orange amorphous solid 
(1.860 g, 99 %).  
 
RF: 0.03 (EtOAc); Mpt: 158-160 ºC (MeCN); MS: m/z (ES+) 246 (100%, M-I-); HRMS: found 
246.1232, C13H16N3O2 requires 246.1237; IR: νmax(film)/cm¹ 1739 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 9.71 (br s, 1H, H-10), 7.64 (br s, 1H, H-11 or 12), 7.59 (dd, J 7.8, 1.6 Hz, 1H, H-6), 
7.34 (dt, J 8.3, 1.6 Hz, 1H, H-4), 7.16 (br s, 1H, H-11 or 12), 7.05 (dt, J 7.7, 1.1 Hz, 1H, H-5), 
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6.91 (dd, J 8.3, 0.9 Hz, 1H, H-3), 4.11 (s, 3H, H-13), 3.81 (s, 3H, H-1), 3.39 (s, 3H, H-8); ¹³C-
NMR: (CDCl3, 100 MHz) δ 153.3 (C-2), 147.1 (C-9), 137.3, 131.1, 129.1, 128.5, 123.7, 122.5, 
120.6, 112.6 (aryl), 56.5 (C-1), 40.0, 38.1 (C-8,13). 
 
 
222h: 3-[(3-Chlorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide 
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General procedure B was followed using imidazole-1-carboxylic acid (3-
chlorophenyl)methylamide (3.009 g, 12.74 mmol) and iodomethane (3.17 cm3, 50.95 mmol) in 
acetonitrile (60 cm3) with stirring for 4 hours. The title compound was isolated as yellow prisms 
(4.786 g, 99 %).  
 
RF: 0.03 (EtOAc); Mpt: 112-114 ºC (DCM); MS: m/z (ES+) 250 (100%, M-I-); HRMS: found 
250.0757, C12H13N3OCl requires 250.0742; IR: νmax(film)/cm¹ 1731 (C=O); ¹H-NMR: 
(CDCl3, 300 MHz) δ 9.99 (br s, 1H, H-9), 7.59 - 7.36 (m, 5H, aryl and H-10 or 11), 7.18 (br s, 
1H, H-10 or 11), 4.14 (s, 3H, H-12), 3.57 (s, 3H, H-7); ¹³C-NMR: (CDCl3, 75.5 MHz) δ 145.7 
(C-8), 141.7, 138.7, 135.9, 132.1, 129.7, 126.3, 125.8, 123.4, 121.0 (aryl), 41.3, 38.1 (C-7,12). 
 
 
222i: 1-Methyl-3-(methylnaphthalen-1-ylcarbamoyl)-3H-imidazol-1-ium iodide 
 
 
 
General procedure B was followed using imidazole-1-carboxylic acid methylnaphthalen-1-
ylamide (1.005 g, 3.98 mmol) and iodomethane (0.99 cm3, 15.94 mmol) in acetonitrile (20 cm3) 
with stirring for 4 hours. The title compound was isolated as yellow prisms (1.498 g, 96 %).  
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RF: 0.02 (EtOAc); Mpt: 83-85 ºC (DCM); MS: m/z (ES+) 266 (100%, M-I-); HRMS: found 
266.1288, C16H16N3O requires 266.1288; IR: νmax(film)/cm¹ 1721 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 9.86 (br s, 1H, H-13), 7.98-7.87 (m, 4H, aryl), 7.73-7.69 (m, 1H, aryl), 7.65-7.59 
(m, 2H, aryl), 7.19 (br s, 1H, H-14 or 15), 6.73 (br s, 1H, H-14 or 15), 4.04 (s, 3H, H-16), 3.64 
(s, 3H, H-11); ¹³C-NMR: (CDCl3, 100 MHz) δ 146.9 (C-12), 138.4, 136.2, 134.6, 130.5, 129.4, 
129.1, 128.4, 127.6, 127.0, 126.7, 123.6, 120.9, 120.2 (aryl), 41.0, 38.0 (C-11,16). 
 
 
222j: 3-[(3-Fluorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide 
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General procedure B was followed using imidazole-1-carboxylic acid (3-
fluorophenyl)methylamide (1.098 g, 5.0 mmol) and iodomethane (1.25 cm3, 20.0 mmol) in 
acetonitrile (20 cm3) with stirring for 4 hours. The title compound was isolated as yellow prisms 
(1.598 g, 88 %).  
 
RF: 0.03 (EtOAc); Mpt: 115-117 ºC (DCM); MS: m/z (ES+) 234 (100%, M-I-); HRMS: found 
234.1035, C12H13N3OF requires 234.1043; IR: νmax(film)/cm¹ 1731 (C=O); ¹H-NMR: (CDCl3, 
400 MHz) δ 9.92 (br s, 1H, H-9), 7.53-7.51 (m, 1H, H-10 or 11), 7.45 (td, J 8.0, 6.4 Hz, 1H, 
aryl), 7.37 - 7.35 (m, 1H, aryl), 7.31 (dt, J 8.8, 2.0 Hz, 1H, aryl), 7.23 (br s, 1H, H-10 or 11), 
7.12 - 7.08 (m, 1H, aryl), 4.07 (s, 3H, H-12), 3.50 (s, 3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 
163.0 (d, J 250 Hz, C-2), 145.8 (C-8), 141.9 (d, J 9 Hz, C-6), 138.5 (aryl), 132.3 (d, J 9 Hz, C-
4), 123.6 (aryl), 123.0 (d, J 4 Hz, C-5), 121.2 (aryl), 116.6 (d, J 21 Hz, C-1 or 3), 114.1 (d, J 23 
Hz, C-1 or 3), 41.3, 38.1 (C7,12). 
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180a: Methyl-p-tolylthiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.302 g, 1.67 mmol) 
and lithium aluminium hydride (1.67 cm3, 1.67 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
3-methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide (0.585 g, 1.64 mmol) and 
triethylamine (0.23 cm3, 1.64 mmol) in DCM (10 cm3) with stirring for 24 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous white solid (0.376 g, 79 %).  
 
RF: 0.30 (petrol/EtOAc, 8:1); [α]D22: -8.4 (c. 1.1, CHCl3); Mpt: 76-78 ºC (DCM); MS: m/z 
(ES+) 286 (20%, M+H+), 308 (100%, M+Na+); HRMS: found 286.1268, C17H19NONaS 
requires 286.1260; Elem. Anal.: found (%): C 71.71, H 6.73, N 4.91, calculated (%): C 71.54, 
H 6.71, N 4.91; IR: νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.33-7.11 (m, 
9H, aryl), 4.67 (q, J 7.1 Hz, 1H, H-5), 3.28 (s, 3H, H-8), 2.36 (s, 3H, H-13), 1.63 (d, J 7.1 Hz, 
3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.3 (C-7), 143.4, 139.3, 138.7, 130.1, 128.4, 
128.1, 127.4, 127.0 (aryl), 44.9 (C-5), 38.3 (C-8), 22.9, 21.2 (C-6,13); HPLC: er 98:2, General 
conditions I: tr 5.2 (maj), 6.0 (min). 
 
The title compound was also isolated from the following procedure: 
 
By a modification of the method of Hoppe and co-workers.70 
 
n-Butyllithium (0.74 cm3, 1.85 mmol, 2.5 M in hexanes) was added to a solution of 
methylphenylthiocarbamic acid S-(4-methylbenzyl) ester (0.098 g, 0.37 mmol) and 2,2'-(1-
ethylpropylidene)bis[(4S)-4-tert-butyl-4,5-dihydro-2-oxazole] (0.60 g, 1.85 mmol) in cumene (5 
cm3) at -30 °C. The mixture was stirred for 16 hours. The reaction was cooled to -64 °C and 
methyltriflate (0.25 cm3, 2.21 mmol) was added. The mixture was stirred for a further 2 hours. 
Water (10 cm3) and Et2O (10 cm3) were added and the phases separated. The aqueous fraction 
was extracted with Et2O (2 x 10 cm3). The combined organic fractions were dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude product 
was purified by flash column chromatography (petrol/EtOAc, 15:1) to afford the title compound 
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as an amorphous white solid (0.076 g, 72 %). HPLC: er 92:8, General conditions I: tr 5.2 (maj), 
6.0 (min). Other relevant data matches 180a. 
 
 
±180a: (±)-Methyl-p-tolylthiocarbamic acid (S)-1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.47 cm3, 3.50 mmol), 3-
methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide (1.253 g, 3.51 mmol) and 
triethylamine (0.51 cm3, 3.67 mmol) in DCM (20 cm3) with stirring for 36 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous white solid (0.958 g, 96%). Relevant data matches 180a. 
 
 
180b: (2-Methoxyphenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.270 g, 1.50 mmol) 
and lithium aluminium hydride (1.50 cm3, 1.50 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
1-[(2-methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.560 g, 1.50 
mmol) and triethylamine (0.21 cm3, 1.50 mmol) in DCM (10 cm3) with stirring for 18 hours. 
The crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford 
the title compound as an amorphous white solid (0.410 g, 91 %).  
 
RF: 0.17 (petrol/EtOAc, 8:1); [α]D22: -18 (c. 1.6, CHCl3); Mpt: 97-99 ºC (petrol); MS: m/z 
(ES+) 324 (100%, M+Na+); HRMS: found 324.1022, C17H19NO2NaS requires 324.1029; Elem. 
Anal.: found (%): C 67.16, H 6.45, N 4.60, calculated (%): C 67.74, H 6.35, N 4.65; IR: 
νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: mixture of 2 rotamers in a 1:1 ratio (CDCl3, 400 MHz) 
δ 7.36-7.15 (m, 14H, aryl), 6.99-6.90 (m, 4H, aryl), 4.68 (q, J 7.0 Hz, 1H, H-5, A), 4.67 (q, J 7.0 
Hz, 1H, H-5, B), 3.89 (s, 3H, H-15, A), 3.74 (s, 3H, H-15, B), 3.22 (s, 6H, H-8), 1.63 (d, J 7.1 
Hz, 3H, H-6, A), 1.61 (d, J 7.1 Hz, 3H, H-6, B); ¹³C-NMR: (CDCl3, 100 MHz) δ 169.0 (C-7, 
A), 168.9 (C-7, B), 156.2 (C-14, A), 156.1 (C-14, B), 143.6, 143.5, 130.8, 130.7, 130.1, 130.0, 
128.4, 128.3, 127.4, 126.9, 126.8, 120.8, 120.7, 112.2, 112.2 (aryl), 55.7 (C-15, A), 55.5 (C-15, 
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B), 44.6 (C-5, A), 44.6 (C-5, B), 36.8 (C-8), 23.0 (C-6, A), 22.9 (C-6, B); HPLC: er 97:3, 
General conditions I: tr 9.1 (min), 10.9 (maj). 
 
 
±180b: (±)-(2-Methoxyphenyl)methylthiocarbamic acid S-(1-phenylethyl) ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (1.53 cm3, 1.56 mmol), 1-[(2-
methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.582 g, 1.57 mmol) 
and triethylamine (0.22 cm3, 1.58 mmol) in DCM (20 cm3) with stirring for 48 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous white solid (0.388 g, 78%). Relevant data matches 180b. 
 
 
180c: (4-Methoxyphenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.246 g, 1.34 mmol) 
and lithium aluminium hydride (1.34 cm3, 1.34 mmol, 1 M in THF) in Et2O (9 cm3) followed by 
1-[(4-methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.483 g, 1.30 
mmol) and triethylamine (0.18 cm3, 1.30 mmol) in DCM (10 cm3) with stirring for 26 hours. 
The crude mixture was purified by flash column chromatography (petrol/EtOAc, 19:1) and the 
title compound isolated as a colourless oil (0.250 g, 62 %).  
 
RF: 0.35 (petrol/EtOAc, 8:1); [α]D21: +4.9 (c. 1.1, CHCl3); MS: m/z (ES+) 302 (5%, M+H+); 
HRMS: found 302.1201, C17H20NO2S requires 302.1209; IR: νmax(film)/cm¹ 1651 (C=O); ¹H-
NMR: (CDCl3, 500 MHz) δ 7.34-7.18 (m, 5H, aryl), 7.15 (d, J 8.8 Hz, 2H, H-10 or 11), 6.88 (d, 
J 8.8 Hz, 2H, H-10 or 11), 4.66 (q, J 7.1 Hz, 1H, H-5), 3.81 (s, 3H, H-13), 3.27 (s, 3H, H-8), 
1.62 (d, J 7.1 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.6 (C-7), 159.7 (C-12), 143.4, 
129.8, 129.7, 128.4, 127.4, 127.0, 114.6 (aryl), 55.4 (C-13), 44.9 (C-5), 38.4 (C-8), 23.0 (C-6); 
HPLC: er 96:4, General conditions I: tr 7.7 (maj), 8.8 (min). 
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±180c: (±)-(4-Methoxyphenyl)methylthiocarbamic acid S-(1-phenylethyl) ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.04 cm3, 0.27 mmol), 1-[(4-
methoxyphenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.104 g, 0.27 mmol) 
and triethylamine (0.04 cm3, 0.27 mmol) in DCM (5 cm3) with stirring for 20 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 19:1) to afford the title 
compound as a colourless oil (0.064 g, 80%). Relevant data matches 180c. 
 
The title compound was also isolated from the following procedure: 
 
Lithium aluminium hydride (1.67 cm3, 1 M in THF, 1.67 mmol) was added dropwise to a 
solution of (±)-1-phenylethyl ethanethioate (0.290 g, 1.66 mmol) in Et2O (7 cm3). The mixture 
was heated to reflux with stirring for 3.5 hours then cooled to room temperature. Aqueous HCl 
(5 cm3, 1 M) was added with care. The phases were separated and the aqueous layer extracted 
with Et2O (3 x 10 cm3). The combined organic fractions were dried over sodium sulfate, filtered 
and the solvent removed under reduced pressure. The crude thiol was then dissolved in THF (2 
cm3). This was added to a solution of sodium hydride (0.136 g, 60 % dispersion in oil, 3.34 
mmol) in THF (8 cm3) at room temperature followed by stirring for 30 min. 1-Isocyanato-4-
methoxybenzene (0.21 cm3, 1.67 mmol) was added followed by stirring for a further 3 hours. 
Iodomethane (0.26 cm3, 0.59 g, 4.17 mmol) was added followed by stirring for 30 min. Water (5 
cm3) was added with care and the solvent removed under reduced pressure. The mixture was 
partitioned between Et2O and water, separated and the organic fraction washed with water (3 x 
10 cm3). This was dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude mixture was purified by flash column chromatography 
(petrol/EtOAc, 8:1) to afford the title compound as a colourless oil (0.057 g, 11%). 
 
The following compound was also isolated from this procedure: 
 
 
202: (1-Methylsulfanylethyl)benzene139 
 
 
 
Isolated as a pale yellow oil (0.116 g, 46 %). The title structure was tentatively assigned from 
the following data. 
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RF: 0.59 (petrol/EtOAc, 8:1); ¹H-NMR: (CDCl3, 300 MHz) δ 7.35-7.21 (m, 5H, aryl), 3.85 (q, J 
6.9 Hz, 1H, H-5), 1.91 (s, 3H, H-7), 1.58 (d, J 7.0 Hz, 3H, H-6). 1H-NMR matches published 
data.139 
 
 
180d: (4-Chlorophenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester 
 
 
 
 General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.482 g, 2.68 mmol) 
and lithium aluminium hydride (2.68 cm3, 2.68 mmol, 1 M in THF) in Et2O (10 cm3) followed 
by 1-[(4-chlorophenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (1.015 g, 2.70 
mmol) and triethylamine (0.38 cm3, 2.70 mmol) in DCM (10 cm3) with stirring for 18 hours. 
The crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford 
the title compound as an amorphous white solid (0.596 g, 73 %).  
 
RF: 0.29 (petrol/EtOAc, 8:1); [α]D22: -6.5 (c. 1.1, CHCl3); MS: m/z (ES+) 328 (100%, M+Na+); 
HRMS: found 328.0533, C16H16NONaSCl requires 328.0533; IR: νmax(film)/cm¹ 1656 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.28-7.18 (m, 6H, aryl), 7.15-7.10 (m, 3H, aryl), 4.60 (q, J 7.1 
Hz, 1H, H-5), 3.20 (s, 3H, H-8), 1.56 (d, J 7.3 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 
167.2 (C-7), 142.1, 139.5, 133.1, 128.6, 128.5, 127.4, 126.3, 126.1 (aryl), 44.0 (C-5), 37.1 (C-
8), 21.9 (C-6); HPLC: er 98:2, General conditions I: tr 5.9 (maj), 7.9 (min). 
 
 
±180d: (±)-(4-Chlorophenyl)methylthiocarbamic acid S-(1-phenylethyl) ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.05 cm3, 0.39 mmol), 1-[(4-
chlorophenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.150 g, 0.40 mmol) 
and triethylamine (0.06 cm3, 0.40 mmol) in DCM (5 cm3) with stirring for 20 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous white solid (0.113 g, 93%). Relevant data matches 180d. 
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180e: (3-Chlorophenyl)methylthiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.182 g, 1.00 mmol) 
and lithium aluminium hydride (1.00 cm3, 1.00 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
3-[(3-chlorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.415 g, 1.10 
mmol) and DCM (10 cm3) with stirring for 16 hours. The crude mixture was purified by flash 
column chromatography (petrol/EtOAc, 8:1) to afford the title compound as a colourless oil 
(0.283 g, 92%).  
 
RF: 0.19 (petrol/EtOAc, 8:1); [α]D22: -17.9 (c. 0.9, CHCl3); MS: m/z (ES+) 306 (60%, M+H+); 
HRMS: found 306.0722, C16H17NOSCl requires 306.0714; IR: νmax(film)/cm¹ 1656 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.35 - 7.15 (m, 9H, aryl), 4.70 (q, J 7.2 Hz, 1H, H-5), 3.30 (s, 
3H, H-8), 1.66 (d, J 7.2 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.2 (C-7), 143.2, 
143.1, 134.8, 130.3, 128.5, 128.5, 128.4, 127.4, 127.2, 126.4 (aryl), 45.1 (C-5), 38.1 (C-8), 22.9 
(C-6); HPLC: er 98:2, General conditions I: tr 6.3 (maj), 7.5 (min). 
 
 
±180e: (±)-(3-Chlorophenyl)methylthiocarbamic acid 1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.36 cm3, 2.65 mmol), 3-[(3-
chlorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (1.000 g, 2.65 mmol) and 
triethylamine (0.37 cm3, 2.65 mmol) in DCM (15 cm3) with stirring for 18 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as a colourless oil (0.641 g, 79%). Relevant data matches 180e. 
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180f: (4-Cyanophenyl)methylthiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.192 g, 1.00 mmol) 
and lithium aluminium hydride (1.00 cm3, 1.00 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
3-[(4-cyanophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.405 g, 1.10 
mmol), triethylamine (0.17 cm3, 1.20 mmol) and DCM (10 cm3) with stirring for 18 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as colourless prisms (0.238 g, 77%).  
 
RF: 0.10 (petrol/EtOAc, 8:1); [α]D22: -12.0 (c. 1.0, CHCl3); Mpt: 98-100 ºC (DCM); MS: m/z 
(ES+) 319 (100%, M+Na+); HRMS: found 319.0866, C17H16N2ONaS requires 319.0876; Elem. 
Anal.: found (%): C 68.68, H 5.62, N 9.43, calculated (%): C 68.89, H 5.44, N 9.45; IR: 
νmax(film)/cm¹ 1659 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.68 (d, J 8.4 Hz, 2H, H-11), 7.41 
(d, J 8.4 Hz, 2H, H-10), 7.36 - 7.22 (m, 5H, aryl), 4.72 (q, J 7.2 Hz, 1H, H-5), 3.34 (s, 3H, H-8), 
1.68 (d, J 7.2 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.1 (C-7), 146.3, 142.7, 133.3, 
128.6, 128.1, 127.3, 127.3 (aryl), 118.2 (C-13), 111.3 (C-12), 45.3 (C-5), 37.7 (C-8), 22.8 (C-6); 
HPLC: er 98:2, General conditions I: tr 14.4 (maj), 18.9 (min). 
 
 
±180f: (±)-(4-Cyanophenyl)methylthiocarbamic acid 1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.17 cm3, 1.24 mmol), 3-[(4-
cyanophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.518 g, 1.36 mmol) and 
triethylamine (0.19 cm3, 1.36 mmol) in DCM (10 cm3) with stirring for 19 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as colourless prisms (0.381 g, 95%). Relevant data matches 180f. 
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180g: Methyl(2,4,6-trimethylphenyl)thiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.186 g, 1.03 mmol) 
and lithium aluminium hydride (1.03 cm3, 1.03 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
3-[(2,4,6-trimethylphenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.423 g, 1.10 
mmol), triethylamine (0.17 cm3, 1.20 mmol) and DCM (10 cm3) with stirring for 20 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as colourless prisms (0.185 g, 55 %).  
 
RF: 0.10 (petrol/EtOAc, 8:1); [α]D22: -3.9 (c. 0.9, CHCl3); Mpt: 45-47 ºC (DCM); MS: m/z 
(ES+) 336 (100%, M+Na+); HRMS: found 336.1394, C19H23NONaS requires 336.1393; IR: 
νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.33 - 7.16 (m, 5H, aryl), 6.93 (s, 
1H, H-12 or 15), 6.88 (s, 1H, H-12 or 15), 4.67 (q, J 7.2 Hz, 1H, H-5), 3.16 (s, 3H, H-8), 2.29 
(s, 3H, H-10 or 17), 2.23 (s, 3H, H-10 or 17), 2.07 (s, 3H, H-13), 1.61 (d, J 7.2 Hz, 3H, H-6); 
¹³C-NMR: (CDCl3, 100 MHz) δ 168.5 (C-7), 143.5, 138.8, 137.0, 136.8, 136.2, 129.6, 129.5, 
128.3, 127.4, 126.9 (aryl), 44.3 (C-5), 35.3 (C-8), 22.8, 21.1 (C-6, 13), 17.6, 17.5 (C-10,17). 
Conditions for resolution on chiral HPLC were not found. 
 
 
±180g: (±)-Methyl(2,4,6-trimethylphenyl)thiocarbamic acid 1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.16 cm3, 1.18 mmol), 3-
[(2,4,6-trimethylphenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.499 g, 1.30 
mmol) and triethylamine (0.18 cm3, 1.30 mmol) in DCM (10 cm3) with stirring for 21 hours. 
The crude mixture was purified by flash column chromatography (petrol/EtOAc, 15:1) to afford 
the title compound as colourless prisms (0.232 g, 63%). Relevant data matches 180g. 
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180h: Methylnaphthalen-1-yl-thiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.209 g, 1.16 mmol) 
and lithium aluminium hydride (1.16 cm3, 1.16 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
1-methyl-3-(methylnaphthalen-1-yl-carbamoyl)-3H-imidazol-1-ium iodide (0.501 g, 1.27 
mmol) and triethylamine (0.18 cm3, 1.27 mmol) in DCM (10 cm3) with stirring for 15 hours. 
The crude mixture was purified by flash column chromatography (petrol/DCM, 9:1) to afford 
the title compound as an amorphous white solid (0.274 g, 73 %).  
 
RF: 0.06 (petrol/EtOAc, 9:1); [α]D21: +1.0 (c. 1.2, CHCl3); Mpt: 87-89 ºC (DCM); MS: m/z 
(ES+) 344 (100%, M+Na+); HRMS: found 344.1068, C20H19NONaS requires 344.1080; IR: 
νmax(film)/cm¹ 1654 (C=O); ¹H-NMR: mixture of 2 rotamers in a 1:1 ratio (CDCl3, 500 MHz) 
δ 7.96-7.84 (m, 4H, aryl), 7.68-7.35 (m, 10H, aryl), 7.29-7.17 (m, 10H, aryl), 4.72-7.65 (m, 2H, 
H-5, A and B), 3.42 (s, 3H, H-8, A), 3.40 (s, 3H, H-8, B), 1.60-1.52 (m, 6H, H-6, A and B); ¹³C-
NMR: (CDCl3, 75.5 MHz) δ 169.2 (C-7), 143.4, 143.3, 134.7, 134.7, 130.6, 128.4, 127.7, 
127.5, 127.4, 127.0, 126.6, 125.7, 125.4, 122.5 (aryl), 44.9 (C-5, A), 44.8 (C-5, B), 38.1 (C-8), 
22.9 (C-6, A), 22.8 (C-6, B); HPLC: er 97:3, General conditions III: tr 7.8 (min), 9.7 (maj). 
 
 
±180h: (±)-Methylnaphthalen-1-ylthiocarbamic acid 1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.16 cm3, 1.16 mmol), 1-
methyl-3-(methylnaphthalen-1-ylcarbamoyl)-3H-imidazol-1-ium iodide (0.504 g, 1.27 mmol) 
and triethylamine (0.18 cm3, 1.27 mmol) in DCM (10 cm3) with stirring for 18 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous white solid (0.341 g, 92%). Relevant data matches 180h. 
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180i: Methyl(2,4,6-trimethylphenyl)thiocarbamic acid (S)-1-phenylethyl ester 
 
 
 
General procedure C was followed using (S)-1-phenylethyl ethanethioate (0.191 g, 1.05 mmol) 
and lithium aluminium hydride (1.05 cm3, 1.05 mmol, 1 M in THF) in Et2O (7 cm3) followed by 
3-[(3-fluorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.397 g, 1.10 
mmol), triethylamine (0.17 cm3, 1.20 mmol) and DCM (10 cm3) with stirring for 20 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as a pale yellow oil (0.275 g, 90%).  
 
RF: 0.19 (petrol/EtOAc, 8:1); [α]D22: -38.5 (c. 1.3, CHCl3); MS: m/z (ES+) 312 (100%, M+Na+); 
HRMS: found 312.0815, C16H16NOFNaS requires 312.0829; IR: νmax(film)/cm¹ 1659 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.38 - 7.21 (m, 6H, aryl), 7.08 - 6.98 (m, 3H, aryl), 4.70 (q, J 
7.2 Hz, 1H, H-5), 3.31 (s, 3H, H-8), 1.66 (d, J 7.2 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) 
δ 168.2 (C-7), 162.8 (d, J 247 Hz, C-13), 143.4 (d, J 9 Hz, C-9), 143.1, 130.5 (d, J 9 Hz, C-11), 
128.5, 127.4, 127.2, 123.8 (d, J 4 Hz, C-10), 115.3 (d, J 21 Hz, C-12 or 14), 113.6 (d, J 19 Hz, 
C-12 or 14), 45.0 (C-5), 38.1 (C-8), 22.9 (C-6); HPLC: er 98:2, General conditions I: tr 6.0 
(maj), 7.0 (min). 
 
 
±180i: (±)-Methyl(2,4,6-trimethylphenyl)thiocarbamic acid 1-phenylethyl ester 
 
General procedure D was followed using (±)-1-phenylethanethiol (0.19 cm3, 1.39 mmol), 3-[(3-
fluorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.506 g, 1.39 mmol) and 
triethylamine (0.20 cm3, 1.40 mmol) in DCM (10 cm3) with stirring for 18 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as a pale yellow oil (0.376 g, 94%). Relevant data matches 180i. 
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180j: Methyl-p-tolylthiocarbamic acid S-((R)-1-phenylbutyl) ester 
 
 
 
General procedure C was followed using thioacetic acid S-((R)-1-phenylbutyl) ester (0.075 g, 
0.36 mmol) and lithium aluminium hydride (0.36 cm3, 0.36 mmol, 1 M in THF) in Et2O (5 cm3) 
followed by 3-methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide (0.144 g, 0.40 
mmol), triethylamine (0.06 cm3, 0.43 mmol) and DCM (10 cm3) with stirring for 18 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as colourless prisms (0.078 g, 69%).  
 
RF: 0.33 (petrol/EtOAc, 8:1); [α]D20: +29.4 (c. 2.2, CHCl3); Mpt: 37-39 ºC (DCM); MS: m/z 
(ES+) 336 (100%, M+Na+), 314 (15%, M+H+); HRMS: found 336.1393, C19H23NONaS 
requires 336.1393; IR: νmax(film)/cm¹ 1649 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.28-7.25 
(m, 4H, aryl), 7.23-7.18 (m, 3H, aryl), 7.11 (d, J 8.3 Hz, 2H, H-12 or 13), 4.52 (dd, J 8.8, 6.6 
Hz, 1H, H-5), 3.27 (s, 3H, H-10), 2.37 (s, 3H, H-15), 1.97-1.79 (m, 2H, H-6), 1.38-1.15 (m, 2H, 
H-7), 0.87 (t, J 7.3 Hz, 3H, H-8); ¹³C-NMR: (CDCl3, 100 MHz) δ 167.4 (C-9), 141.6, 139.3, 
129.0, 127.4, 127.3, 127.1, 126.8, 125.8 (aryl), 48.8 (C-5), 38.0, 37.3 (C-6,10), 20.2, 19.8 (C-
7,15), 12.7 (C-8); HPLC: er 99:1, General conditions III: tr 5.2 (maj), 6.1 (min). 
 
 
180k: Methyl(3-triflouromethylphenyl)thiocarbamic acid (R)-1-phenylethyl ester 
 
 
 
General procedure C was followed using thioacetic acid S-[(R)-1-(3-
trifluoromethylphenyl)ethyl] ester (0.399 g, 1.59 mmol) and lithium aluminium hydride (1.60 
cm3, 1.60 mmol, 1 M in THF) in Et2O (8 cm3) followed by 1-methyl -3-(methyl-phenyl-
carbamoyl)-3H-imidazol-1-ium iodide (0.600 g, 1.75 mmol) and triethylamine (0.27 cm3, 1.91 
mmol) in DCM (10 cm3) with stirring for 18 hours. The crude mixture was purified by flash 
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column chromatography (petrol/EtOAc, 8:1) to afford the title compound as an amorphous 
white solid (0.436 g, 80 %).  
 
RF: 0.17 (petrol/EtOAc, 8:1); [α]D22: -18 (c. 1.6, CHCl3); Mpt: 97-99 ºC (petrol); MS: m/z 
(ES+) 324 (100%, M+Na+); HRMS: found 324.1022, C17H16NOF3NaS requires 324.1029; 
Elem. Anal.: found (%): C 60.26, H 4.48, N 4.09, calculated (%): C 60.16, H 4.75, N 4.13; IR: 
νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: (CDCl3, 500 MHz) δ 7.59 (br s, 1H, H-7), 7.53 (d, J 7.6 
Hz, 1H, H-3 or 5), 7.47 (d, J 7.9 Hz, 1H, H-3 or 5), 7.43-7.36 (m, 4H, aryl), 7.26-7.25 (m, 2H, 
aryl), 4.74 (q, J 7.3 Hz, 1H, H-8), 3.31 (s, 3H, H-11), 1.63 (d, J 7.3 Hz, 3H, H-9); ¹³C-NMR: 
(CDCl3, 75.5 MHz) δ 167.7 (C-10), 144.8, 141.9, 131.0, 130.8 (q, J 35 Hz, C-2), 129.5, 128.8, 
128.5, 128.3 (aryl), 124.1 (q, J 273 Hz, C-1), 124.0, 123.9 (aryl), 44.3 (C-8), 38.3 (C-11), 22.6 
(C-9); HPLC: er 96:4, General conditions I: tr 5.9 (min), 6.5 (maj). 
 
 
180l: Methyl-p-tolylthiocarbamic acid (S)-indan-1-yl ester 
 
 
 
Oxalyl chloride (0.54 cm3, 6.16 mmol, 1 eq) was added to a stirred solution of DMF (0.52 cm3, 
6.77 mmol, 1.1 eq) in DCM (50 cm3) at 0 °C. The mixture was stirred for 5 min. (R)-indan-1-ol 
(0.83 g, 6.16 mmol, 1 eq), triethylamine (1.72 cm3, 12.3 mmol, 2 eq) and ethanethioic S-acid 
(0.44 cm3, 6.16 mmol, 1 eq) were added sequentially. The mixture was warmed to room 
temperature and stirred for 18 hours. Water (20 cm3) was added, the phases separated and the 
aqueous layer extracted with EtOAc (3 x 10 cm3). The combined organic fractions were dried 
over magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude 
thioacetate was dissolved in Et2O (20 cm3). Lithium aluminium hydride (6.16 cm3, 1 M in THF, 
6.16 mmol, 1 eq) was added dropwise. The mixture was heated to reflux with stirring for 1.5 
hours then cooled to room temperature. Aqueous HCl (10 cm3, 1 M) was added with care. The 
phases were separated and the aqueous layer extracted with Et2O (3 x 10 cm3). The combined 
organic fractions were dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude thiol was then dissolved in DCM (20 cm3). 3-methyl-1-(methyl(p-
tolyl)carbamoyl)-1H-imidazol-3-ium iodide (2.42 g, 6.78 mmol, 1.1 eq) and triethylamine (1.03 
cm3, 7.39 mmol, 1.2 eq) were added and the mixture was stirred for 15 hours. The mixture was 
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washed with aqueous HCl (2 x 10 cm3, 1M), dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/EtOAc, 15:1) and the title compound isolated as a yellow oil (0.954 g, 
52 %).  
 
RF: 0.33 (petrol/EtOAc, 8:1); [α]D21: -38.7 (c. 1.0, CHCl3); MS: m/z (ES+) 320 (100%, M+Na+); 
HRMS: found 320.1074, C18H19NONaS requires 320.1080; IR: νmax(film)/cm¹ 1654 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.34-7.32 (m, 1H, aryl), 7.25-7.12 (m, 7H, aryl), 5.01 (dd, J 7.6, 
4.8 Hz, 1H, H-9), 3.35 (s, 3H, H-11), 3.03-2.95 (m, 1H, H-7, 7’, 8 or 8’), 2.89-2.82 (m, 1H, H-7, 
7’, 8 or 8’), 2.70-2.61 (m, 1H, H-7, 7’, 8 or 8’), 2.36 (s, 3H, H-16), 2.18-2.10 (m, 1H, H-7, 7’, 8 
or 8’); ¹³C-NMR: (CDCl3, 100 MHz) δ 169.1 (C-10), 143.9, 142.4, 139.5, 130.3, 130.1, 128.1, 
127.6, 126.6, 125.1, 124.5 (aryl), 49.6 (C-9), 38.3 (C-11), 34.7 (C-7), 30.9 (C-8), 21.2 (C-16); 
HPLC: er 79:21, General conditions I: tr 7.3 (maj), 8.7 (min). 
 
 
180m: Methyl-p-tolylthiocarbamic acid 1,2,3,4-tetrahydronaphthalen-1-yl ester 
 
 
 
Oxalyl chloride (0.19 cm3, 2.14 mmol, 1 eq) was added to a stirred solution of DMF (0.18 cm3, 
2.36 mmol, 1.1 eq) in DCM (20 cm3) at 0 °C. The mixture was stirred for 5 min. 1,2,3,4-
tetrahydronaphthalen-1-ol (0.32 g, 2.14 mmol, 1 eq), triethylamine (0.60 cm3, 4.29 mmol, 2 eq) 
and ethanethioic S-acid (0.14 cm3, 1.93 mmol, 1 eq) were added sequentially. The mixture was 
warmed to room temperature and stirred for 18 hours. Water (10 cm3) was added, the phases 
separated and the aqueous layer extracted with EtOAc (3 x 10 cm3). The combined organic 
fractions were dried over magnesium sulfate, filtered and the solvent removed under reduced 
pressure. The crude thioacetate was dissolved in Et2O (10 cm3). Lithium aluminium hydride 
(1.93 cm3, 1 M in THF, 1.93 mmol, 1 eq) was added dropwise. The mixture was heated to reflux 
with stirring for 1.5 hours then cooled to room temperature. Aqueous HCl (10 cm3, 1 M) was 
added with care. The phases were separated and the aqueous layer extracted with Et2O (3 x 10 
cm3). The combined organic fractions were dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude thiol was then dissolved in DCM (10 cm3). 
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3-methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide (0.758 g, 2.12 mmol, 1.1 eq) 
and triethylamine (0.32 cm3, 2.32 mmol, 1.2 eq) were added and the mixture was stirred for 15 
hours. The mixture was washed with aqueous HCl (2 x 10 cm3), dried over magnesium sulfate, 
filtered and the solvent removed under reduced pressure. The crude product was purified by 
flash column chromatography (petrol/EtOAc, 15:1) and the title compound isolated as a pale 
brown oil (0.4517 g, 75 %).  
 
RF: 0.37 (petrol/EtOAc, 8:1); Mpt: 89-91 ºC (petrol); MS: m/z (ES+) 334 (100%, M+Na+); 
HRMS: found 334.1232, C19H21NONaS requires 334.1237; IR: νmax(film)/cm¹ 1650 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.33-7.31 (m, 1H, aryl), 7.20-7.15 (m, 4H, aryl), 7.11-7.06 (m, 
2H, aryl), 7.00-6.98 (m, 1H, aryl), 4.93 (t, J 3.8 Hz, 1H, H-10), 3.34 (s, 3H, H-12), 2.74-2.70 
(m, 2H, H-7,8 or 9), 2.35 (s, 3H, H-17), 2.16-2.10 (m, 2H, H-7,8 or 9), 1.97-1.78 (m, 2H, H-7,8, 
or 9); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.4 (C-11), 137.7, 135.6, 130.6, 130.1, 129.0, 128.1, 
126.8, 125.8 (aryl), 44.9 (C-10), 38.3 (C-12), 30.8, 29.0 (C-7 or 9), 21.2 (C-17), 19.6 (C-8). 
 
 
180n: Methyl-p-tolylthiocarbamic acid 1-(4-methoxyphenyl)ethyl ester  
 
 
 
Oxalyl chloride (0.34 cm3, 4.00 mmol, 1 eq) was added to a stirred solution of DMF (0.33 cm3, 
4.30 mmol, 1.1 eq) in DCM (10 cm3) at 0 °C. The mixture was stirred for 5 min. (S)-1-(4-
methoxyphenyl)ethanol (0.54 g, 3.60 mmol, 1 eq), triethylamine (1.10 cm3, 7.90 mmol, 2 eq) 
and ethanethioic S-acid (0.25 cm3, 3.60 mmol, 1 eq) were added sequentially. The mixture was 
warmed to room temperature and stirred for 18 hours. Water (5 cm3) was added, the phases 
separated and the aqueous layer extracted with EtOAc (3 x 10 cm3). The combined organic 
fractions were dried over magnesium sulfate, filtered and the solvent removed under reduced 
pressure. The crude thioacetate was dissolved in Et2O (7 cm3). Lithium aluminium hydride (1.2 
cm3, 1 M in THF, 1.20 mmol, 1 eq) was added dropwise. The mixture was heated to reflux with 
stirring for 1.5 hours then cooled to room temperature. Aqueous HCl (3 cm3, 1 M) was added 
with care. The phases were separated and the aqueous layer extracted with Et2O (3 x 10 cm3). 
The combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude thiol was then dissolved in DCM (10 cm3). 3-
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methyl-1-(methyl(p-tolyl)carbamoyl)-1H-imidazol-3-ium iodide (0.283 g, 0.79 mmol, 1.1 eq) 
and triethylamine (0.11 cm3, 0.80 mmol, 1.2 eq) were added and the mixture was stirred for 72 
hours. The mixture was washed with aqueous HCl (2 x 7 cm3, 1M), dried over magnesium 
sulfate, filtered and the solvent removed under reduced pressure. The crude product was 
purified by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as 
a colourless oil (0.165 g, 15 %).  
 
RF: 0.19 (petrol/EtOAc, 8:1); MS: m/z (ES+) 338 (100%, M+Na+), 316 (20%, M+H+); HRMS: 
found 338.1178, C18H21NO2NaS requires 338.1186; IR: νmax(film)/cm¹ 1649 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.25 (d, J 8.8 Hz, 2H, H-11 or 12), 7.18 (d, J 8.1 Hz, 2H, H-11 or 12), 7.12 
(d, J 8.6 Hz, 2H, H-4), 6.80 (d, J 8.8 Hz, 2H, H-3), 4.65 (q, J 7.3 Hz, 1H, H-6), 3.77 (s, 3H, H-
1), 3.29 (s, 3H, H-9), 2.36 (s, 3H, H-14), 1.62 (d, J 7.3 Hz, 3H, H-7); ¹³C-NMR: overlapping 
peaks (CDCl3, 75.5 MHz) δ 168.5 (C-8), 158.5 (C-2), 135.4, 130.1, 128.5, 128.2, 113.7 (aryl), 
55.2 (C-1), 44.4 (C-6), 38.3 (C-9), 23.0, 21.2 (C-7,14). 
 
 
180o: (4-Cyanophenyl)methylthiocarbamic acid (R)-1-phenylbutyl ester 
 
 
 
General procedure C was followed using thioacetic acid S-((R)-1-phenylbutyl) ester (0.337 g, 
1.62 mmol) and lithium aluminium hydride (1.62 cm3, 1.62 mmol, 1 M in THF) in Et2O (7 cm3) 
followed by 3-[(4-cyanophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.715 
g, 1.94 mmol), triethylamine (0.34 cm3, 2.43 mmol) and DCM (20 cm3) with stirring for 18 
hours. The crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to 
afford the title compound as an amorphous white solid (0.402 g, 77 %). 
 
RF: 0.08 (petrol/EtOAc, 8:1); Mpt: 103-105 ºC (DCM); [α]D21: +57.8 (c. 1.3, CHCl3); MS: m/z 
(ES+) 347 (100%, M+Na+), 225 (15%, M+H+); HRMS: found 347.1195, C19H20N2ONaS 
requires 347.1189; Elem. Anal.: found (%): C 70.18, H 6.10, N 8.53, calculated (%): C 70.34, 
H 6.21, N 8.63; IR: νmax(film)/cm¹ 1656 (C=O), 2229 (CN); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.66 (d, J 8.8 Hz, 2H, H-12 or 13), 7.37 (d, J 8.8 Hz, 2H, H-12 or 13), 7.30-7.19 (m, 5H, aryl), 
4.53 (dd, J 9.1, 6.8 Hz, 1H, H-5), 3.31 (s, 3H, H-10), 1.98-1.82 (m, 2H, H-6), 1.36-1.15 (m, 2H, 
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H-7), 0.87 (t, J 7.3 Hz, 3H, H-8); ¹³C-NMR: (CDCl3, 100 MHz) δ 167.1 (C-9), 145.3, 141.0, 
132.2, 127.5, 127.0, 126.7, 126.2 (aryl), 117.2 (C-15), 110.2 (C-14), 49.1 (C-5), 37.7, 36.7 (C-
6,10), 19.7 (C-7), 12.6 (C-8); HPLC: er 99:1, General conditions I: tr 13.7 (maj), 14.4 (min). 
 
 
180p: (±)-(3-Chlorophenyl)methylthiocarbamic acid 1-phenylbutyl ester 
 
 
 
General procedure C was followed using thioacetic acid S-(1-phenylbutyl) ester (0.023 g, 0.11 
mmol) and lithium aluminium hydride (0.11 cm3, 0.11 mmol, 1 M in THF) in Et2O (4 cm3) 
followed by 3-[(3-chlorophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.050 
g, 0.13 mmol), triethylamine (0.02 cm3, 0.17 mmol) and DCM (5 cm3) with stirring for 18 
hours. The crude mixture was purified by flash column chromatography (petrol/EtOAc, 25:1) to 
afford the title compound as an amorphous white solid (0.021 g, 55 %). 
 
RF: 0.10 (petrol/EtOAc, 8:1); MS: m/z (ES+) 356 (100%, M+Na+); HRMS: found 356.0850, 
C18H20NONaSCl requires 356.0847; IR: νmax(film)/cm¹ 1653 (C=O); ¹H-NMR: (CDCl3, 400 
MHz) δ 7.31-7.13 (m, 9H, aryl), 4.52 (dd, J 9.1, 6.6 Hz, 1H, H-5), 3.27 (s, 3H, H-10), 1.98-1.81 
(m, 2H, H-6), 1.32-1.16 (m, 2H, H-7), 0.87 (t, J 7.4 Hz, 3H, H-8); ¹³C-NMR: overlapping peaks 
(CDCl3, 100 MHz) δ 168.3 (C-9), 142.3, 134.7, 130.3, 128.4, 128.4, 127.8, 127.0 (aryl), 50.0 
(C-5), 38.9, 38.2 (C-6,10), 20.8 (C-7), 13.7 (C-8). 
 
 
±255a: (±)-Methylthiocarbamic acid S-(1-phenylethyl) ester 
 
 
 
Triphosgene (0.217 g, 0.73 mmol) was added to a solution of (±)-1-phenylethanethiol (0.20 cm3, 
1.45 mmol) and triethylamine (0.30 cm3, 2.17 mmol) in DCM (10 cm3) at room temperature. 
The mixture was stirred for 9 days. Saturated aqueous sodium bicarbonate (30 cm3) and DCM 
178 
 
(20 cm3) were added and the phases separated. The aqueous fraction was extracted with DCM 
(2 x 20 cm3) and the combined organic fractions dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was dissolved in DCM (10 cm3) 
and methylamine (2.90 cm3, 5.80 mmol, 2M in THF) was added at room temperature. The 
mixture was stirred for 19 hours. Saturated aqueous sodium bicarbonate (30 cm3) and DCM (20 
cm3) were added and the phases separated. The aqueous fraction was extracted with DCM (2 x 
20 cm3) and the combined organic fractions dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/EtOAc, 8:1) to afford the title compound as colourless prisms (0.204 g, 
72 %). 
 
RF: 0.10 (petrol/EtOAc, 8:1); Mpt: 60-62 ºC (DCM); MS: m/z (ES+) 218 (100%, M+Na+); 
HRMS: found 218.0600, C10H13NONaS requires 218.0610; Elem. Anal.: found (%): C 61.31, 
H 6.94, N 7.04, calculated (%): C 61.50, H 6.71, N 7.17; IR: νmax(film)/cm¹ 1650 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.39-7.37 (m, 2H, aryl), 7.34-7.30 (m, 2H, aryl), 7.26-7.22 (m, 1H, 
aryl), 5.24 (br s, 1H, N-H), 4.76 (q, J 7.2 Hz, 1H, H-5), 2.85 (d, J 3.8 Hz, 3H, H-8), 1.71 (d, J 
7.1 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 167.3 (C-7), 143.2, 128.6, 127.2, 127.2 
(aryl), 44.0 (C-5), 27.8 (C-8), 23.0 (C-6). 
 
 
228: 2-(1-Phenylethylsulfanyl)pyridine140 
 
 
 
Methylthiocarbamic acid S-(1-phenylethyl) ester (0.100 g, 0.51 mmol), sodium tert-butoxide 
(0.100 g, 1.03 mmol), 4,5-bis(diphenylphosphino)-9,9-dimethylxanthenene (XantPhos, 0.032 g, 
0.05 mmol), 2-bromopyridine (0.07 cm3, 0.77 mmol) and tris-
(benzylideneacetone)dipalladium(0) (Pd2(dba)3, 0.026 g, 0.03 mmol) were dissolved in toluene 
(6 cm3). The reaction was sparged with nitrogen for 10 minutes. The mixture was heated to 
reflux with stirring for 2 days. The mixture was cooled and saturated aqueous ammonium 
chloride (10 cm3) was added. The mixture was extracted with Et2O (2 x 20 cm3). The combined 
organic fractions were washed with brine, dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude product was purified by flash column 
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chromatography (petrol/EtOAc, 20:1) to afford the title compound as an orange oil (0.090 g, 82 
%). 
 
RF: 0.34 (petrol/EtOAc, 8:1); MS: m/z (ES+) 215 (10%, M+H+), 238 (100%, M+Na+); HRMS: 
found 238.0667, C13H13NNaS requires 238.0661; IR: νmax(film)/cm¹ 1567 (pyridyl), 1554 
(pyridyl); ¹H-NMR: (CDCl3, 400 MHz) δ 8.46 (dq, J 5.0, 1.0 Hz, 1H, H-11), 7.48-7.43 (m, 3H, 
aryl), 7.34-7.22 (m, 3H, aryl), 7.11 (dt, J 8.1, 1.0 Hz, 1H, H-9 or 10), 6.98 (ddd, J 7.3, 5.0, 1.0 
Hz, 1H, H-8), 5.12 (q, J 7.1 Hz, 1H, H-5), 1.76 (d, J 7.1 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 
MHz) δ 158.8, 149.4, 143.3, 136.1, 128.5, 127.4, 127.2, 122.9, 119.7 (aryl), 43.6 (C-5), 22.6 (C-
6). Matches published data.140 
 
 
230a: Methyl-p-tolylthiocarbamic acid S-benzyl ester 
 
 
 
General procedure D was followed using benzyl thiol (0.24 cm3, 2.0 mmol), 3-methyl-1-
(methyl(p-tolyl)carbamoyl)-1H-imidazole-3-ium iodide (0.81 g, 2.2 mmol) and triethylamine 
(0.34 cm3, 2.4 mmol) in DCM (10 cm3) with stirring for 18 hours. The crude mixture was 
purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title compound as a 
colourless oil (0.523 g, 95 %).  
 
RF: 0.31 (petrol/EtOAc, 8:1); MS: m/z (ES+) 294 (100%, M+Na+); HRMS: found 294.0928, 
C16H17NONaS requires 294.0923; Elem. Anal.: found (%): C 70.60, H 6.45, N 5.16, calculated 
(%): C 70.81, H 6.31, N 5.16; IR: νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.31-7.14 (m, 9H, aryl), 4.09 (s, 2H, H-5), 3.32 (s, 3H, H-7), 2.37 (s, 3H, H-12); ¹³C-NMR: 
(CDCl3, 100 MHz) δ 168.6 (C-6), 138.1, 130.2, 129.0, 128.5, 128.2, 128.2, 128.1, 127.0 (aryl), 
38.4 (C-5), 35.5 (C-7), 21.2 (C-12). 
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230b: Methylphenylthiocarbamic acid 4-methoxybenzyl ester 
 
 
 
General procedure D was followed using (4-methoxyphenyl)methanethiol (0.61 cm3, 4.4 mmol), 
3-methyl-1-[(phenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (1.507 g, 4.4 
mmol) and triethylamine (0.73 cm3, 5.3 mmol) in DCM (20 cm3) with stirring for 18 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as an amorphous white solid (1.192 g, 95 %).  
 
RF: 0.11 (petrol/EtOAc, 8:1); Mpt: 74-76 ºC (DCM); MS: m/z (ES+) 310 (100%, M+Na+); 
HRMS: found 310.0881, C16H17NO2NaS requires 310.0872; IR: νmax(film)/cm¹ 1650 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.41-7.32 (m, 3H, aryl), 7.27-7.25 (m, 2H, aryl), 7.22 (d, J 8.0 
Hz, 2H, H-4), 6.79 (d, J 8.0 Hz, 2H, H-3), 4.05 (s, 2H, H-6), 3.76 (s, 3H, H-1), 3.33 (s, 3H, H-
8); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.7 (C-7), 158.7 (C-2), 142.0, 130.1, 130.0, 129.5, 128.4, 
128.3, 113.9 (aryl), 55.3 (C-1), 38.3 (C-5), 35.0 (C-7). 
 
 
230c: Methylphenylthiocarbamic acid 4-tert-butylbenzyl ester 
 
 
 
General procedure D was followed using (4-tert-butylphenyl)methanethiol (0.52 cm3, 2.8 
mmol), 3-methyl-1-[(phenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (1.078 g, 
3.1 mmol) and triethylamine (0.58 cm3, 4.1 mmol) in DCM (20 cm3) with stirring for 18 hours. 
The crude mixture was purified by flash column chromatography (petrol/EtOAc, 15:1) to afford 
the title compound as an amorphous colourless solid (0.845 g, 97 %).  
 
RF: 0.28 (petrol/EtOAc, 8:1); Mpt: 67-69 ºC (DCM); MS: m/z (ES+) 336 (100%, M+Na+); 
HRMS: found 336.1397, C19H23NONaS requires 336.1393; Elem. Anal.: found (%): C 72.66, 
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H 7.77, N 4.50, calculated (%): C 72.80, H 7.40, N 4.47; IR: νmax(film)/cm¹ 1654 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.42-7.22 (m, 9H, aryl), 4.09 (s, 2H, H-7), 3.35 (s, 3H, H-9), 1.29 
(s, 9H, H-1); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.7 (C-8), 150.0, 134.8, 129.5, 128.7, 128.4, 
128.4, 128.3, 125.4 (aryl), 38.4 (C-7), 35.2, 34.5 (C-2,9), 31.3 (C-1). 
 
 
230d: Methylphenylthiocarbamic acid 2-chlorobenzyl ester 
 
 
 
General procedure D was followed using (2-chlorophenyl)methanethiol (0.41 cm3, 3.2 mmol), 
3-methyl-1-[(phenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (1.197 g, 3.5 
mmol) and triethylamine (0.66 cm3, 4.7 mmol) in DCM (20 cm3) with stirring for 18 hours. The 
crude mixture was purified by flash column chromatography (petrol/EtOAc, 10:1) to afford the 
title compound as an amorphous colourless solid (0.787 g, 86 %).  
 
RF: 0.24 (petrol/EtOAc, 8:1); Mpt: 67-78 ºC (DCM); MS: m/z (ES+) 314 (100%, M+Na+), 292 
(20%, M+H+); HRMS: found 292.0547, C15H15NOSCl requires 292.0557; Elem. Anal.: found 
(%): C 61.88, H 4.73, N 4.81, Cl 12.08, calculated (%): C 61.74, H 4.84, N 4.80, Cl 12.15; IR: 
νmax(film)/cm¹ 1651 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.50-7.47 (m, 1H, aryl), 7.41-7.25 
(m, 6H, aryl), 7.20-7.13 (m, 2H, aryl), 4.22 (s, 2H, H-7), 3.33 (s, 3H, H-9); ¹³C-NMR: (CDCl3, 
100 MHz) δ 168.4 (C-8), 141.8, 136.0, 134.2, 131.3, 129.5, 129.4, 128.6, 128.4, 128.3, 126.9 
(aryl), 38.5 (C-7), 33.3 (C-9). 
 
 
230e: (4-Chlorophenyl)methylthiocarbamic acid benzyl ester 
 
 
 
General procedure D was followed using benzylthiol (0.07 cm3, 0.59 mmol), 1-[(4-
chlorophenyl)(methyl)carbamoyl]-3-methyl-1H-imidazol-3-ium iodide (0.268 g, 0.71 mmol) 
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and triethylamine (0.12 cm3, 0.89 mmol) in DCM (5 cm3) with stirring for 18 hours. The crude 
mixture was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as a colourless oil (0.152 g, 88 %).  
 
RF: 0.26 (petrol/EtOAc, 8:1); MS: m/z (ES+) 314 (100%, M+Na+); HRMS: found 292.0553, 
C15H15NOSCl requires 292.0558; IR: νmax(film)/cm¹ 1658 (C=O); ¹H-NMR: (CDCl3, 400 
MHz) δ 7.37 (d, J 8.8 Hz, 2H, H-9 or 10), 7.31-7.26 (m, 4H, aryl), 7.24-7.21 (m, 3H, aryl), 4.11 
(s, 2H, H-5), 3.32 (s, 3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.4 (C-6), 140.5, 137.8, 
134.6, 129.7, 129.6, 129.0, 128.5, 127.2 (aryl), 38.3 (C-5), 35.5 (C-7). 
 
 
230f: (4-Cyanophenyl)methylthiocarbamic acid S-benzyl ester 
 
 
 
General procedure D was followed using benzylthiol (0.07 cm3, 0.62 mmol), 3-[(4-
cyanophenyl)methylcarbamoyl]-1-methyl-3H-imidazol-1-ium iodide (0.274 g, 0.75 mmol) and 
triethylamine (0.13 cm3, 0.93 mmol) in DCM (5 cm3) with stirring for 18 hours. The crude 
mixture was purified through an Isolute Flash SCX-2 column (elution with MeOH) to afford the 
title compound as a colourless oil (0.163 g, 93 %).  
 
RF: 0.09 (petrol/EtOAc, 8:1); MS: m/z (ES+) 305 (100%, M+Na+); HRMS: found 283.0903, 
C16H15N2OS requires 283.0900; IR: νmax(film)/cm¹ 1659 (C=O), 2228 (CN); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.69 (d, J 8.8 Hz, 2H, H-9 or 10), 7.43 (d, J 8.6 Hz, 2H, H-9 or 10), 7.33-
7.22 (m, 5H, aryl), 4.15 (s, 2H, H-5), 3.38 (s, 3H, H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.3 
(C-6), 146.2, 137.5, 133.3, 129.0, 128.6, 128.1, 127.4 (aryl), 118.1 (C-12), 111.4 (C-11), 37.9 
(C-5), 35.5 (C-7). 
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182a: Methylthiocarbamic acid (S)-1-phenyl-1-p-tolylethyl ester 
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General procedure G was followed using n-butyllithium (0.18 cm3, 0.44 mmol, 2.5 M), TMP 
(0.09 cm3, 0.53 mmol), methyl(4-tolyl)thiocarbamic acid (S)-1-phenylethyl ester (0.050 g, 0.18 
mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified by flash 
column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an amorphous 
white solid (0.042 g, 83%).  
 
RF: 0.10 (petrol/EtOAc, 8:1); [α]D22: -4.9 (c. 1.2, CHCl3); Mpt: 96-98 ºC (DCM); MS: m/z 
(ES+) 308 (100%, M+Na+); HRMS: found 308.1094, C17H19NONaS requires 308.1080; Elem. 
Anal.: found (%): C 71.50, H 6.87, N 4.88, calculated (%): C 71.54, H 6.71, N 4.91; IR: 
νmax(film)/cm¹ 1659 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.41 (d, J 8.0 Hz, 2H, H-8 or 9), 
7.31 - 7.20 (m, 5H, aryl), 7.10 (d, J 8.0 Hz, 2H, H-8 or 9), 5.23 (s, 1H, NH), 2.70 (d, J 4.4 Hz, 
3H, H-13), 2.37 (s, 3H, H-6), 2.32 (s, 3H, H-11); ¹³C-NMR: (CDCl3, 75.5 MHz) δ 166.4 (C-
12), 145.6, 142.5, 136.6, 128.9, 128.1, 127.9, 127.8, 126.9 (aryl), 59.6 (C-5), 30.1, 27.5 (C-
6,13), 21.0 (C-11); HPLC: er 96:4, General conditions II: tr 11.6 (maj), 14.7 (min). 
 
 
182b: Methylthiocarbamic acid (S)-1-(2-methoxyphenyl)-1-phenylethyl ester 
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General procedure G was followed using n-butyllithium (0.17 cm3, 0.42 mmol, 2.5 M), TMP 
(0.09 cm3, 0.50 mmol), (2-methoxyphenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester 
(0.049 g, 0.17 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified 
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by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an 
amorphous white solid (0.044 g, 89%).  
 
RF: 0.07 (petrol/EtOAc, 8:1); [α]D21: -32.8 (c. 1.1, CHCl3); Mpt: 125-127 ºC (Et2O); MS: m/z 
(ES+) 302 (35%, M+H+), 324 (45%, M+Na+); HRMS: found 324.1019, C17H19NO2NaS 
requires 324.1029; Elem. Anal.: found (%): C 68.09, H 6.65, N 4.40, calculated (%): C 67.74, 
H 6.35, N 4.65; IR: νmax(film)/cm¹ 3324 (NH), 1652 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.73 (dd, J 7.8, 1.5 Hz, 1H, H-11), 7.33-7.16 (m, 6H, aryl), 7.02 (dt, J 7.6, 1.3 Hz, 1H, H-9 or 
10), 6.85 (dd, J 8.1, 1.0 Hz, 1H, H-8), 5.23 (br s, 1H, NH), 3.43 (s, 3H, H-13), 2.75 (d, J 4.8 Hz, 
3H, H-15), 2.40 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 400 MHz) δ 166.2 (C-14), 157.2 (C-12), 
146.2, 133.0, 129.4, 128.9, 127.8, 126.4, 126.3, 120.2, 112.9 (aryl), 59.2 (C-5), 55.5 (C-13), 
28.5, 27.5 (C-6,15); HPLC: er 91:9, General conditions II: tr 9.6 (maj), 12.4 (min). 
 
 
182c: (±)-Methylthiocarbamic acid 1-(4-methoxyphenyl)-1-phenylethyl ester 
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General procedure F was followed using (4-methoxyphenyl)methylthiocarbamic acid (S)-1-
phenylethyl ester (0.021 g, 0.07 mmol), diisopropylamine (0.03 cm3, 0.21 mmol), n-
butyllithium (0.09 cm3, 2.0 M, 0.18 mmol) and propionic acid (0.02 cm3, 0.27 mmol) with 
stirring for 4 hours. The crude product was purified by flash column chromatography 
(petrol/EtOAc, 8:1) to afford the title compound as an amorphous white solid (0.020 g, 94 %).  
 
RF: 0.09 (petrol/EtOAc, 8:1); Mpt: 93-95 ºC (DCM); MS: m/z (ES+) 324 (100%, M+Na+); 
HRMS: found 324.1018, C17H19NO2NaS requires 324.1029; IR: νmax(film)/cm¹ 1657 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.43-7.40 (m, 2H, aryl), 7.35-7.22 (m, 5H, aryl), 6.84 (d, J 9.0 
Hz, 2H, H-9), 5.21 (d, J 4.1 Hz, 1H, NH), 3.80 (s, 3H, H-11), 2.74 (d, J 4.5 Hz, 3H, H-13), 2.38 
(s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 166.1 (C-12), 158.3 (C-10), 145.6, 137.4, 129.1, 
128.1, 127.8, 126.9, 113.4 (aryl), 59.4 (C-5), 55.2 (C-11), 30.2, 27.5 (C-6,13). 
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182d: Methylthiocarbamic acid (S)-1-(4-chlorophenyl)-1-phenylethyl ester 
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General procedure G was followed using n-butyllithium (0.16 cm3, 0.41 mmol, 2.5 M), TMP 
(0.08 cm3, 0.49 mmol), (4-chlorophenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester 
(0.046 g, 0.16 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified 
by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an 
amorphous white solid (0.044 g, 94%).  
 
RF: 0.07 (petrol/EtOAc, 8:1); [α]D20: -18.8 (c. 1.5, CHCl3); MS: m/z (ES+) 328 (100%, M+Na+); 
HRMS: found 328.0527, C16H16NONaSCl requires 328.0533; IR: νmax(film)/cm¹ 1660 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.40-7.23 (m, 9H, aryl), 5.20 (br s, 1H, NH), 2.76 (d, J 4.5 Hz, 
3H, H-12), 2.37 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 125 MHz) δ 165.8 (C-11), 145.1, 144.1, 
132.7, 129.5, 128.2, 128.1, 127.6, 127.1 (aryl), 59.2 (C-5), 30.1, 27.5 (C-6,12); HPLC: er 96:4, 
General conditions II: tr 8.9 (maj), 10.7 (min). 
 
 
182e: Methylthiocarbamic acid (S)-1-(3-chlorophenyl)-1-phenylethyl ester 
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General procedure G was followed using n-butyllithium (0.17 cm3, 0.41 mmol, 2.5 M), TMP 
(0.08 cm3, 0.49 mmol), (3-chlorophenyl)methylthiocarbamic acid (S)-1-phenylethyl ester (0.049 
g, 0.16 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified by 
flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as a 
colourless oil (0.038 g, 69%).  
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RF: 0.10 (petrol/EtOAc, 8:1); [α]D22: -10.3 (c. 0.9, CHCl3); MS: m/z (ES+) 328 (100%, M+Na+); 
HRMS: found 328.0531, C16H16NONaSCl requires 328.0533; IR: νmax(film)/cm¹ 1651 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.43-7.45 (m, 1H, aryl), 7.37-7.21 (m, 8H, aryl), 5.21 (br s, 1H, 
NH), 2.76 (d, J 4.8 Hz, 3H, H-14), 2.38 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 75.5 MHz) δ 165.7 
(C-13), 147.6, 144.9, 134.0, 129.2, 128.3, 128.2, 127.7, 127.2, 127.1, 126.2 (aryl), 59.2 (C-5), 
30.0, 27.6 (C-6,14); HPLC: er 96:4, General conditions II: tr 11.0 (min), 15.9 (maj). 
 
 
182f: Methylthiocarbamic acid (S)-1-(4-cyanophenyl)-1-phenylethyl ester 
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General procedure G was followed using n-butyllithium (0.17 cm3, 0.42 mmol, 2.5 M), TMP 
(0.09 cm3, 0.51 mmol), (4-cyanophenyl)methylthiocarbamic acid (S)-1-phenylethyl ester (0.048 
g, 0.17 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified by 
flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an 
amorphous white solid (0.037 g, 78%).  
 
RF: 0.04 (petrol/EtOAc, 8:1); [α]D22: -3.8 (c. 1.6, CHCl3); MS: m/z (ES+) 319 (80%, M+Na+); 
HRMS: found 319.0875, C17H16N2ONaS requires 319.0876; IR: νmax(film)/cm¹ 2227 (CN), 
1674 (C=O); ¹H-NMR: (CDCl3, 500 MHz) δ 7.61 (s, 4H, aryl), 7.34-7.24 (m, 5H, aryl), 5.25 
(br s, 1H, NH), 2.76 (d, J 4.5 Hz, 3H, H-13), 2.38 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 125 MHz) δ 
165.7 (C-12), 151.0, 144.5, 131.8, 129.0, 128.4, 127.5 (aryl), 118.8 (C-11), 110.6 (aryl), 59.3 
(C-5), 29.8, 27.6 (C-6,13); HPLC: er 97:3, General conditions II: tr 12.3 (min), 13.8 (maj). 
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182h: Methylthiocarbamic acid (S)-1-naphthalen-1-yl-1-phenylethyl ester 
 
1
2
3
4
5
6
7
S
8
9
HN
10
O
11
12
13
14
15
16
17
18
 
 
General procedure G was followed using n-butyllithium (0.19 cm3, 0.40 mmol, 2.12 M), TMP 
(0.08 cm3, 0.48 mmol), methylnaphthalen-1-ylthiocarbamic acid (S)-1-phenylethyl ester (0.052 
g, 0.16 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified by 
flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an 
amorphous white solid (0.051 g, 98%).  
 
RF: 0.07 (petrol/EtOAc, 8:1); [α]D21: -218.6 (c. 0.3, CHCl3); Mpt: 59-61 ºC (DCM); MS: m/z 
(ES+) 344 (100%, M+Na+); HRMS: found 322.1252, C20H20NOS requires 322.1260; IR: 
νmax(film)/cm¹ 1667 (C=O); ¹H-NMR: (CDCl3, 500 MHz) δ 7.96 (d, J 7.3 Hz, 1H, aryl), 7.84 
(t, J 8.6 Hz, 2H, aryl), 7.71 (d, J 8.8 Hz, 1H, aryl), 7.54 (t, J 7.7 Hz, 1H, aryl), 7.36-7.30 (m, 3H, 
aryl), 7.27-7.15 (m, 4H, aryl), 5.11 (br s, 1H, NH), 2.61 (d, J 4.1 Hz, 3H, H-18), 2.52 (s, 3H, H-
6); ¹³C-NMR: (CDCl3, 125 MHz) δ 165.8 (C-17), 147.0, 138.9, 135.0, 130.5, 129.3, 129.0, 
128.5, 128.1, 127.0, 126.8, 126.6, 124.9, 124.6, 124.5 (aryl), 60.2 (C-5), 33.0, 27.4 (C-6,18); 
HPLC: er 96:4, General conditions II: tr 9.1 (maj), 10.0 (min). 
 
 
182j: Methylthiocarbamic acid (R)-1-phenyl-1-p-tolylbutyl ester 
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General procedure G was followed using n-butyllithium (0.16 cm3, 0.41 mmol, 2.5 M), TMP 
(0.08 cm3, 0.49 mmol), methyl(4-tolyl)thiocarbamic acid (R)-1-phenylbutyl ester (0.051 g, 0.16 
mmol) and propionic acid (0.04 cm3, 0.49 mmol). The crude product was purified by flash 
188 
 
column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an amorphous 
white solid (0.038 g, 74%).  
 
RF: 0.12 (petrol/EtOAc, 8:1); [α]D20: -2.0 (c. 1, CHCl3); Mpt: 97-99 ºC (petrol); MS: m/z (ES+) 
336 (100%, M+Na+); HRMS: found 336.1401, C19H23NONaS requires 336.1393; IR: 
νmax(film)/cm¹ 1659 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.39 (d, J 8.1 Hz, 2H, H-10 or 11), 
7.31-7.20 (m, 5H, aryl), 7.10 (d, J 8.1 Hz, 2H, H-10 or 11), 5.13 (br s, 1H, NH), 2.65 (m, 5H, H-
15 and H-6), 2.33 (s, 3H, H-13), 1.29-1.19 (m, 2H, H-7), 0.89 (t, J 7.3 Hz, 3H, H-8); ¹³C-NMR: 
(CDCl3, 100 MHz) δ 166.2 (C-14), 145.2, 142.0, 136.3, 128.5, 128.4, 128.3, 127.7, 126.6 (aryl), 
63.6 (C-5), 42.7 (C-6), 27.3 (C-15), 21.0 (C-13), 18.8 (C-7), 14.3 (C-8); HPLC: er 98:2, 
General conditions II: tr 10.5 (min), 11.5 (maj). 
 
 
182k: Methylthiocarbamic acid (S)-1-phenyl-1-(3-trifluoromethylphenyl)ethyl ester 
 
 
 
General procedure G was followed using n-butyllithium (0.15 cm3, 0.37 mmol, 2.5 M), TMP 
(0.08 cm3, 0.44 mmol), methyl(3-triflouromethylphenyl)thiocarbamic acid (R)-1-phenylethyl 
ester (0.053 g, 0.15 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was 
purified by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as 
an amorphous white solid (0.045 g, 85%).  
 
RF: 0.06 (petrol/EtOAc, 8:1); [α]D20: -5.4 (c. 1.4, CHCl3); Mpt: 82-84 ºC (DCM); MS: m/z 
(ES+) 362 (100%, M+Na+); HRMS: found 340.0976, C17H17NOF3S requires 340.0977; IR: 
νmax(film)/cm¹ 1659 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.74 (br s, 1H, H-7), 7.64 (d, J 7.8 
Hz, 1H, H-3 or 5), 7.51 (d, J 7.8 Hz, 1H, H-3 or 5), 7.43 (t, J 7.8 Hz, 1H, H-4), 7.35-7.25 (m, 
5H, aryl), 5.24 (br s, 1H, NH), 2.75 (d, J 4.3 Hz, 3H, H-15), 2.42 (s, 3H, H-9); ¹³C-NMR: 
(CDCl3, 100 MHz) δ 165.6 (C-14), 146.6, 144.8, 131.5 (aryl), 130.3 (q, J 31 Hz, C-2), 128.5, 
128.3, 127.6, 127.3, 124.7 (aryl), 124.2 (q, J 271 Hz, C-1), 123.8 (aryl), 59.3 (C-8), 30.0 (C-15), 
27.6 (C-9) ; HPLC: er 67:33, General conditions II: tr 5.6 (min), 6.6 (maj). 
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182l: Methylthiocarbamic acid (R)-1-p-tolylindan-1-yl ester 
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General procedure G was followed using n-butyllithium (0.18 cm3, 0.40 mmol, 2.3 M), TMP 
(0.06 cm3, 0.48 mmol), methyl-p-tolylthiocarbamic acid (S)-indan-1-yl ester (0.056 g, 0.16 
mmol) and propionic acid (0.04 cm3, 0.50 mmol). The crude product was purified by flash 
column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an amorphous 
white solid (0.049 g, 87%).  
 
RF: 0.05 (petrol/EtOAc, 8:1); [α]D22: -4.7 (c. 0.9, CHCl3); Mpt: 96-98 ºC (DCM); MS: m/z 
(ES+) 320 (100%, M+Na+); HRMS: found 320.1086, C18H19NONaS requires 320.1080; IR: 
νmax(film)/cm¹ 1654 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.41-7.37 (m, 3H, aryl), 7.30-7.20 
(m, 3H, aryl), 7.13 (d, J 8.0 Hz, 2H, H-11 or 12), 5.20 (br s, 1H, NH), 3.14-2.89 (m, 3H, H-7 or 
8), 2.82-2.73 (m, 4H, H-16 and H-7 or 8), 2.33 (s, 3H, H-14); ¹³C-NMR: (CDCl3, 100 MHz) δ 
165.7 (C-15), 145.7, 143.6, 140.8, 136.5, 128.9, 127.9, 127.3, 126.7, 125.7, 124.8 (aryl), 66.1 
(C-9), 42.8 (C-7), 30.5 (C-8), 27.5 (C-16), 21.0 (C-14); HPLC: er 74:26, General conditions II: 
tr 8.0 (min), 10.4 (maj). 
 
 
182m: Methylthiocarbamic acid 1-p-tolyl-1,2,3,4-tetrahydronaphthalen-1-yl ester 
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n-Butyllithium (0.16 cm3, 0.40 mmol, 2.5 M in hexanes) was added to a solution of TMP (0.06 
cm3, 0.48 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 
°C. This solution was added by cannular to a cooled (-78 °C) solution of methyl-p-
tolylthiocarbamic acid 1,2,3,4-tetrahydronaphthalen-1-yl ester (0.052 g, 0.16 mmol) in THF (1.5 
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cm3). The mixture was allowed to stir for 21 hours. TLC analysis indicated no reaction had 
taken place. The mixture was warmed to -60 °C for 2 hours. Propionic acid (0.04 cm3, 0.48 
mmol) was added and the mixture allowed to warm to room temperature. Water (10 cm3) and 
Et2O (10 cm3) were added and the phases separated. The aqueous fraction was extracted with 
Et2O (2 x 10 cm3) and the combined organic fractions dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure. The crude product was then purified by flash 
column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an amorphous 
white solid (0.010 g, 20 %).  
 
RF: 0.09 (petrol/EtOAc, 8:1); Mpt: 130-132 ºC (DCM); MS: m/z (ES+) 334 (100%, M+Na+); 
HRMS: found 334.1228, C19H21NONaS requires 334.1237; IR: νmax(film)/cm¹ 1654 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.55-7.53 (m, 1H, aryl), 7.21-7.13 (m, 3H, aryl), 7.10-7.05 (m, 
4H, aryl), 5.15 (q, J 3.8 Hz, 1H, NH), 3.11-2.95 (m, 2H, H-7,8 or 9), 2.80 (dt, J 16.9, 4.8 Hz, 
1H, H-7,8 or 9), 2.73 (d, J 4.8 Hz, 3H, H-17), 2.51 (dd, J 13.1, 4.3 Hz, 1H, H-7,8 or 9), 2.31 (s, 
3H, H-15), 1.88-1.80 (m, 1H, H-7,8 or 9), 1.66-1.48 (m, 1H, H-7,8 or 9); ¹³C-NMR: (CDCl3, 
100 MHz) δ 165.6, 142.5, 139.0, 138.6, 136.7, 130.6, 129.1, 128.7, 128.3, 127.0, 125.9 (aryl), 
60.8 (C-10), 29.8 (C-17), 22.4, 20.9, 20.2 (C-7,9,10), 14.1 (C-8). 
 
182n: (±)-Methylthiocarbamic acid 1-(4-methoxyphenyl)-1-p-tolylethyl ester 
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General procedure E was followed using n-butyllithium (0.22 cm3, 0.40 mmol, 1.8 M), 
diisopropylamine (0.07 cm3, 0.48 mmol), methyl-p-tolylthiocarbamic acid 1-(4-
methoxyphenyl)ethyl ester (0.040 g, 0.16 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The 
crude product was purified by flash column chromatography (petrol/EtOAc, 8:1) and the title 
compound isolated as a pale yellow amorphous solid (0.034 g, 86%).  
 
RF: 0.06 (petrol/EtOAc, 8:1); Mpt: 91-93 ºC (DCM); MS: m/z (ES+) 225 (100%, M-
(SCONHCH3)), 338 (45%, M+Na+); HRMS: found 338.1190, C18H21NO2NaS requires 
338.1186; IR: νmax(film)/cm¹ 1656 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.35-7.29 (m, 4H, 
aryl), 7.12 (d, J 8.1 Hz, 2H, H-4), 6.84 (d, J 8.8 Hz, 2H, H-3), 5.20 (br q, J 3.5 Hz, 1H, NH), 
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3.80 (s, 3H, H-1), 2.73 (d, J 4.5 Hz, 3H, H-14), 2.36 (s, 3H, H-7 or 12), 2.33 (s, 3H, H-7 or 12); 
¹³C-NMR: (CDCl3, 75.5 MHz) δ 166.6 (C-13), 158.3 (C-2), 142.7, 137.6, 136.6, 129.1, 128.8, 
127.7, 113.4 (aryl), 59.2 (C-6), 55.2 (C-1), 30.3, 27.5 (C-7,14), 21.0 (C-12). 
 
 
252: Methyl(2,4,6-trimethylphenyl)thiocarbamic acid 1-methyl-1-phenylethyl ester 
 
 
 
n-Butyllithium (0.16 cm3, 0.40 mmol, 2.5 M in hexanes) was added to a solution of 
diisopropylamine (0.07 cm3, 0.48 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 
minutes and then cooled to -78 °C. This solution was added by cannular to a cooled (-78 °C) 
solution of (±)-methyl(2,4,6-trimethylphenyl)thiocarbamic acid 1-phenylethyl ester (0.049 g, 
0.16 mmol) in THF (1.5 cm3). The mixture was allowed to stir for 4 hours. Iodomethane (0.04 
cm3, 0.64 mmol) was added and the mixture allowed to warm to room temperature. Water (10 
cm3) and Et2O (10 cm3) were added and the phases separated. The aqueous fraction was 
extracted with Et2O (2 x 10 cm3) and the combined organic fractions dried over magnesium 
sulfate, filtered and the solvent removed under reduced pressure. The crude product was 
purified by flash column chromatography (petrol/EtOAc, 12:1) to afford the title compound as 
an amorphous white solid (0.045 g, 86 %). 
 
RF: 0.47 (petrol/EtOAc, 8:1); Mpt: 57-59 ºC (DCM); MS: m/z (ES+) 328 (100%, M+H+), 350 
(10 %, M+Na+); HRMS: found 350.1550, C20H25NONaS requires 350.1550; IR: νmax 
(film)/cm¹ 1659 (C=O); ¹H-NMR: (CDCl3, 400 MHz) δ 7.55-7.53 (m, 2H, aryl), 7.32-7.28 (m, 
2H, aryl), 7.22-7.18 (m, 1H, aryl), 6.93 (s, 2H, H-12), 3.01 (s, 3H, H-8), 2.31 (s, 3H, H-14), 
2.17 (s, 6H, H-11), 1.80 (s, 6H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 167.9 (C-7), 147.1, 
138.6, 136.8, 136.5, 129.5, 127.8, 126.4, 126.3 (aryl), 51.2 (C-5), 34.8 (C-8), 29.8 (C-11), 21.2 
(C-14), 17.6 (C-6). 
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183a: (S)-1-(4-Methylphenyl)-1-phenylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.08 cm3, 0.21 mmol) and 
methylthiocarbamic acid (S)-1-phenyl-1-p-tolylethyl ester (0.029 g, 0.10 mmol). The crude 
product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.015 g, 63 %).  
 
The title compound was also isolated from the following procedure: 
 
n-Butyllithium (0.27 cm3, 0.44 mmol, 1.6 M in hexanes) was added to a solution of TMP (0.09 
cm3, 0.53 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 
°C. This solution was added by cannular to a cooled (-78 °C) solution of methyl-p-
tolylthiocarbamic acid (S)-1-phenylethyl ester (0.051 g, 0.18 mmol) in THF (1.5 cm3). The 
mixture was allowed to stir for 15 hours. Propionic acid (0.04 cm3, 0.50 mmol) was added and 
the mixture stirred for 5 minutes. Sodium ethoxide (0.66 cm3, 1.75 mmol, 21 % w/w in EtOH) 
was added and the mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 
cm3) were added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 
10 cm3) and the combined organic fractions dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was purified by flash column 
chromatography (n-pentane) to afford the title compound as a colourless oil (0.024 g, 62 %). 
 
RF: 0.63 (petrol/EtOAc, 8:1); [α]D21: -3.6 (c. 1.3, CHCl3); MS: m/z (ES-) 227 (100%, [M-H]-); 
HRMS: found 227.0915, C15H15S requires 227.0900; IR: νmax(film)/cm¹ 2565 (w, SH); ¹H-
NMR: (CDCl3, 300 MHz) δ 7.42-7.38 (m, 2H, aryl), 7.19-7.30 (m, 5H, aryl), 7.08 (d, J 8.0 Hz, 
2H, H-8 or 9), 2.45 (s, 1H, SH), 2.30 (s, 3H, H-11), 2.11 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 125 
MHz) δ 148.5, 145.4, 136.3, 128.8, 128.1, 127.1, 127.0, 126.6 (aryl), 53.4 (C-5), 34.8 (C-6), 
20.9 (C-11). 
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±183a: (±)-1-(4-Methylphenyl)-1-phenylethanethiol 
 
sec-Butyllithium (0.31 cm3, 0.44 mmol, 1.40 M in THF) was added to a solution of (±)-methyl-
p-tolylthiocarbamic acid (S)-1-phenylethyl ester (0.048 g, 0.17 mmol) in THF (2 cm3) and 
DMPU (0.5 cm3) at -78 °C with stirring for 3 hours. MeOD (1 cm3) was added and the mixture 
allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) were added and the 
phases separated. The aqueous fraction was extracted with Et2O (2 x 10 cm3). The combined 
organic fractions were dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude product was purified by flash column chromatography (petrol) to 
afford the title compound as a colourless oil (0.021 g, 55 %). Relevant data matches 183a. 
 
The title compound was also isolated from the following procedure: 
 
sec-Butyllithium (0.75 cm3, 0.88 mmol, 1.17 M in THF) was added to a solution of (±)-methyl-
p-tolylthiocarbamic acid (S)-1-phenylethyl ester (0.101 g, 0.35 mmol) in THF (4 cm3) and 
DMPU (1 cm3) at -78 ° with stirring for 2 hours. MeOD (2 cm3) was added and the mixture 
allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) were added and the 
phases separated. The aqueous fraction was extracted with Et2O (2 x 10 cm3). The combined 
organic fractions were dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude product was purified by flash column chromatography (petrol) to 
afford the title compound as a colourless oil (0.032 g, 40 %). 
 
The following was also isolated from this procedure: 
 
 
233a: Bis(1-phenyl-1-p-tolylethylthio)methane 
 
 
 
The title compound was isolated as a mixture of diastereoisomers and as a colourless oil (0.045 
g, 27 %). 
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RF: 0.05 (petrol); MS: m/z (ES+) 491 (40%, M+Na+); ¹H-NMR: (CDCl3, 400 MHz) δ 7.41-7.13 
(m, 18H, aryl), 3.10 (s, 2H, H-12), 2.40 (s, 6H, H-10), 2.08 (s, 6H, H-11); ¹³C-NMR: (CDCl3, 
100 MHz) δ 145.7, 142.6, 136.3, 128.7, 128.0, 127.9, 127.8, 126.6 (aryl), 57.7 (C-5), 30.8 (C-
11), 29.7 (C-12), 21.0 (C-10). 
 
 
183b: (S)-1-(2-Methoxyphenyl)-1-phenylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.04 cm3, 0.12 mmol) and 
methylthiocarbamic acid (S)-1-(2-methoxyphenyl)-1-phenylethyl ester (0.031 g, 0.10 mmol). 
The crude product was purified by flash column chromatography (n-pentane) and the title 
compound isolated as a colourless oil (0.024 g, 97 %).  
 
RF: 0.49 (petrol/EtOAc, 8:1); [α]D21: -53.0 (c. 1.7, CHCl3); MS: m/z (ES-) 243 (100%, [M-H]-); 
HRMS: found 244.0922, C15H15OS requires 244.0916; IR: νmax(film)/cm¹ 2589 (w, SH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.63 (dd, J 7.8, 1.8 Hz, 1H, H-8), 7.43-7.40 (m, 2H, aryl), 7.31-
7.15 (m, 4H, aryl), 7.03 (dt, J 7.6, 1.3 Hz, 1H, H-9 or 10), 6.87 (dd, J 8.1, 1.0 Hz, 1H, H-11), 
3.46 (s, 3H, H-13), 3.17 (q, J 1.3 Hz, 1H, SH), 2.04 (d, J 1.3 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 
100 MHz) δ 157.0, 149.4, 136.5, 128.6, 127.7, 126.5, 125.8, 125.7, 120.5, 112.7 (aryl), 55.3 (C-
13), 51.7 (C-5), 32.9 (C-6). 
 
 
±183b: (±)-1-(2-Methoxyphenyl)-1-phenylethanethiol 
 
sec-Butyllithium (0.70 cm3, 0.83 mmol, 1.17 M in THF) was added to a solution of (±)-(2-
methoxyphenyl)methylthiocarbamic acid S-(1-phenylethyl) ester (0.100 g, 0.33 mmol) in THF 
(4 cm3) and DMPU (1 cm3) at -78 °C with stirring for 2 hours. MeOD (2 cm3) was added and 
the mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) were 
added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 10 cm3). The 
combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
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removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol) to afford the title compound as a colourless oil (0.020 g, 25 %). 
Relevant data matches 183b. 
 
The following was also isolated from this procedure: 
 
 
233b: Bis(1-(2-methoxyphenyl)-1-phenylethylthio)methane  
 
 
 
The title compound was isolated as a mixture of diastereoisomers and as a colourless oil (0.055 
g, 32 %). 
 
RF: 0.37 (petrol/EtOAc, 8:1); MS: m/z (ES+) 523 (100%, M+Na+); HRMS: found 523.1748, 
C31H32O2NaS2 requires 523.1736; ¹H-NMR: (CDCl3, 400 MHz) δ 7.77-7.70 (m, 2H, aryl), 7.39-
7.24 (m, 12H, aryl), 7.10-7.05 (m, 2H, aryl), 6.90 (d, J 8.4 Hz, 2H, aryl), 3.45 (s, 6H, H-12), 
3.23-3.08 (m, 2H, H-14), 2.11 (s, 6H, H-13); ¹³C-NMR: (CDCl3, 100 MHz) δ 157.3, 146.4, 
133.6, 128.8, 128.5, 127.6, 126.3, 125.8, 120.3, 112.9 (aryl), 56.9 (C-5), 55.3 (C-12), 30.6 (C-
13), 28.3 (C-14). 
 
 
183c: (±)-1-(4-Methoxyphenyl)-1-phenylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.02 cm3, 0.07 mmol) and 
(±)-methylthiocarbamic acid 1-(4-methoxyphenyl)-1-phenylethyl ester (0.018 g, 0.06 mmol). 
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The crude product was purified by flash column chromatography (n-pentane) and the title 
compound isolated as a colourless oil (0.013 g, 94 %).  
 
RF: 0.53 (petrol/EtOAc, 8:1); MS: m/z (EI) 211 (100%, M-SH-); HRMS: found 211.1123, 
C15H15O requires 211.1117; IR: νmax(film)/cm¹ 2558 (w, SH); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.46-7.43 (m, 2H, aryl), 7.37-7.21 (m, 5H, aryl), 6.84 (d, J 8.8 Hz, 2H, H-9), 3.81 (s, 3H, H-11), 
2.50 (s, 1H, SH), 2.15 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 158.2, 148.6, 140.5, 128.3, 
128.1, 127.1, 126.6, 113.3 (aryl), 55.3 (C-11), 53.2 (C-5), 35.0 (C-6). 
 
 
183d: (S)-1-(4-Chlorophenyl)-1-phenylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.06 cm3, 0.16 mmol) and 
methylthiocarbamic acid (S)-1-(4-chlorophenyl)-1-phenylethyl ester (0.016 g, 0.05 mmol). The 
crude product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.012 g, 97 %).  
 
RF: 0.63 (petrol/EtOAc, 8:1); [α]D22: +5.1 (c. 0.8, CHCl3); MS: m/z (EI) 215 (100%, M-SH-); 
HRMS: found 215.0622, C14H12Cl requires 215.0622; IR: νmax(film)/cm¹ 2557 (w, SH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.41-7.22 (m, 9H, aryl), 2.48 (s, 1H, SH), 2.13 (s, 3H, H-6); ¹³C-
NMR: (CDCl3, 100 MHz) δ 146.7, 145.9, 131.5, 127.6, 127.2, 127.1, 125.9, 125.8 (aryl), 52.1 
(C-5), 33.7 (C-6). 
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183e: (S)-1-(3-Chlorophenyl)-1-phenylethanethiol 
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General procedure H was followed using (3-chlorophenyl)methylthiocarbamic acid S-((S)-1-
phenylethyl) ester (0.046 g, 0.16 mmol), n-butyllithium (0.26 cm3, 0.41 mmol, 1.6 M in 
hexanes), TMP (0.08 cm3, 0.49 mmol), propionic acid (0.03 cm3, 0.47 mmol) and sodium 
ethoxide (0.25 cm3, 0.82 mmol, 21 % w/w in EtOH). The crude product was purified by column 
chromatography (petrol/EtOAc, 20:1) and the title compound isolated as a colourless oil (0.016 
g, 41 %).  
 
The title compound was also isolated from the following procedure: 
 
n-Butyllithium (0.26 cm3, 0.41 mmol, 1.6 M in hexanes) was added to a solution of TMP (0.08 
cm3, 0.49 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 
°C. This solution was added by cannular to a cooled (-78 °C) solution of (3-
chlorophenyl)methylthiocarbamic acid (S)-1-phenylethyl ester (0.046 g, 0.16 mmol) in THF 
(1.5 cm3). The mixture was allowed to stir for 15 hours. Propionic acid (0.04 cm3, 0.48 mmol) 
was added and the mixture stirred for 5 minutes. Sodium ethoxide (0.60 cm3, 1.60 mmol, 21 % 
w/w in EtOH) was added and the mixture allowed to warm to room temperature. Water (10 
cm3) and Et2O (10 cm3) were added and the phases separated. The aqueous fraction was 
extracted with Et2O (2 x 10 cm3) and the combined organic fractions dried over magnesium 
sulfate, filtered and the solvent removed under reduced pressure. The crude product was 
purified by flash column chromatography (n-pentane) to afford the title compound as a 
colourless oil (0.016 g, 41 %). 
 
RF: 0.53 (petrol/EtOAc, 8:1); [α]D22: +7.3 (c. 0.2, CHCl3); MS: m/z (ES-) 247 (100%, [M-H]-); 
HRMS: found 247.0361, C14H12SCl requires 247.0353; IR: νmax(film)/cm¹ 2292 (CH); ¹H-
NMR: (CDCl3, 500 MHz) δ 7.47 (s, 1H, H-8), 7.41 (m, 2H, aryl), 7.34-7.21 (m, 6H, aryl), 2.50 
(s, 1H, SH), 2.14 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 150.6, 147.5, 134.0, 129.4, 
128.3, 127.4, 127.0, 127.0, 126.9, 125.6 (aryl), 53.3 (C-5), 34.5 (C-6). 
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183f: 4-((S)-1-Phenyl-1-sulfanylethyl)benzonitrile 
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General procedure I was followed using sodium ethoxide solution (0.05 cm3, 0.17 mmol) and 
methylthiocarbamic acid (S)-1-(4-cyanophenyl)-1-phenylethyl ester (0.017 g, 0.06 mmol). The 
crude product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.013 g, 98 %).  
 
RF: 0.40 (petrol/EtOAc, 8:1); [α]D21: +7.8 (c. 1.3, CHCl3); MS: m/z (EI) 206 (100%, M-SH-); 
HRMS: found 206.0967, C15H12N requires 206.0964; IR: νmax(film)/cm¹ 2228 (w, SH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.61 (d, J 8.8 Hz, 2H, H-9), 7.56 (d, J 8.8 Hz, 2H, H-8), 7.40-7.25 
(m, 5H, aryl), 2.51 (s, 1H, SH), 2.15 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 153.9, 146.8, 
132.0, 128.4, 128.0, 127.2, 126.9 (aryl), 118.7 (C-11), 110.6 (aryl), 53.4 (C-5), 34.3 (C-6). 
 
 
183h: (S)-1-Naphthalen-1-yl-1-phenylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.04 cm3, 0.09 mmol) and 
methylthiocarbamic acid (S)-1-naphthalen-1-yl-1-phenylethyl ester (0.015 g, 0.05 mmol). The 
crude product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.006 g, 51 %).  
 
RF: 0.58 (petrol/EtOAc, 8:1); [α]D22: -11.4 (c. 0.8, CHCl3); MS: m/z (EI) 231 (100%, M-SH-); 
HRMS: found 231.1165, C18H15 requires 231.1168; IR: νmax(film)/cm¹ 2568 (w, SH); ¹H-
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NMR: (CDCl3, 400 MHz) δ 7.92-7.90 (m, 1H, aryl), 7.84 (d, J 7.8 Hz, 2H, aryl), 7.62 (d, J 8.1 
Hz, 1H, aryl), 7.54-7.50 (m, 1H, aryl), 7.44-7.42 (m, 2H, aryl), 7.38-7.34 (m, 1H, aryl), 7.27-
7.17 (m, 4H, aryl), 2.78 (s, 1H, SH), 2.26 (s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 148.9, 
142.5, 135.1, 130.4, 129.0, 128.9, 128.4, 127.8, 126.4, 126.1, 125.1, 125.0, 124.8, 123.8 (aryl), 
53.8 (C-5), 37.5 (C-6). 
 
 
183j: (R)-1-Phenyl-1-p-tolylbutane-1-thiol 
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General procedure I was followed using sodium ethoxide solution (0.02 cm3, 0.05 mmol) and 
methylthiocarbamic acid (R)-1-phenyl-1-p-tolylbutyl ester (0.009 g, 0.03 mmol). The crude 
product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.007 g, 98 %).  
 
RF: 0.72 (petrol/EtOAc, 8:1); [α]D20: -5.6 (c. 0.5, CHCl3); MS: m/z (EI) 223 (100%, M-SH-), 
256 (5 %, M); HRMS: found 256.1284, C12H20S requires 256.1280; IR: νmax(film)/cm¹ 2565 
(w, SH); ¹H-NMR: (CDCl3, 500 MHz) δ 7.40-7.37 (m, 2H, aryl), 7.31-7.28 (m, 2H, aryl), 7.25-
7.19 (m, 3H, aryl), 7.10 (d, J 8.1 Hz, 2H, H-10 or 11), 2.43-2.39 (m, 2H, H-6), 2.33 (s, 3H, H-
13), 2.29 (s, 1H, SH), 1.26-1.19 (m, 2H, H-7), 0.92 (t, J 7.4 Hz, 3H, H-8); ¹³C-NMR: (CDCl3, 
100 MHz) δ 146.7, 143.7, 135.1, 127.6, 126.9, 126.6, 126.5, 125.4 (aryl), 45.6 (C-5), 28.7 (C-
6), 19.9 (C-13), 17.8 (C-7), 13.3 (C-8). 
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183k: (S)-1-Phenyl-1-(3-trifluoromethylphenyl)ethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.06 cm3, 0.16 mmol) and 
methylthiocarbamic acid (S)-1-phenyl-1-(3-trifluoromethylphenyl)ethyl ester (0.027 g, 0.08 
mmol). The crude product was purified by flash column chromatography (n-pentane) and the 
title compound isolated as a colourless oil (0.018 g, 76 %).  
 
RF: 0.58 (petrol/EtOAc, 8:1); [α]D20: +2.5 (c. 1.8, CHCl3); MS: m/z (ES-) 281 (100%, [M-H]-); 
HRMS: found 281.0614, C15H12F3S requires 281.0617; IR: νmax(film)/cm¹ 2557 (w, SH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.79 (s, 1H, H-7), 7.58 (d, J 7.8 Hz, 1H, H-3 or 5), 7.51 (d, J 7.6 
Hz, 1H, H-3 or 5), 7.44-7.40 (m, 3H, aryl), 7.33 (t, J 7.4 Hz, 2H, H-11 or 12), 7.28-7.25 (m, 1H, 
aryl), 2.54 (s, 1H, SH), 2.18 (s, 3H, H-9); ¹³C-NMR: (CDCl3, 100 MHz) δ 149.5, 147.3, 130.9 
(aryl), 130.4 (q, J 32 Hz, C-2), 128.6, 128.4, 127.1, 127.0 (aryl), 124.1 (q, J 271 Hz, C-1), 
123.6, 123.6 (aryl), 53.3 (C-8), 34.6 (C-9). 
 
 
183l: (R)-1-p-Tolylindan-1-thiol 
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General procedure I was followed using sodium ethoxide solution (0.05 cm3, 0.12 mmol) and 
methylthiocarbamic acid (R)-1-p-tolylindan-1-yl ester (0.018 g, 0.06 mmol). The crude product 
was purified by flash column chromatography (n-pentane) and the title compound isolated as a 
colourless oil (0.013 g, 89 %).  
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RF: 0.57 (petrol/EtOAc, 8:1); [α]D20: -10.0 (c. 1.3, CHCl3); MS: m/z (EI) 206 (100%, M-H2S); 
HRMS: found 206.1090, C16H14S requires 206.1090; IR: νmax(film)/cm¹ 2563 (w, SH); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.37-7.24 (m, 6H, aryl), 7.12 (d, J 8.1 Hz, 2H, H-11 or 12), 3.07 
(ddd, J 15.6, 7.6, 6.8 Hz, 1H, H-7 or 8), 2.88 (ddd, J 15.6, 7.3, 6.3 Hz, 1H, H-7 or 8), 2.73 (ddd, 
J 13.1, 7.6, 6.3 Hz, 1H, H-7 or 8), 2.57 (ddd, J 13.6, 7.8, 6.1 Hz, 1H, H-7 or 8), 2.36 (s, 1H, 
SH), 2.34 (s, 3H, H-14); ¹³C-NMR: (CDCl3, 100 MHz) δ 149.2, 143.1, 142.5, 136.5, 128.8, 
127.5, 127.1, 127.0, 124.9, 124.7 (aryl), 60.2 (C-9), 48.0 (C-8), 30.4 (C-7), 20.9 (C-14). 
 
 
183n: (±)-1-(4-Methoxyphenyl)-1-p-tolylethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.05 cm3, 0.13 mmol) and 
(±)-methylthiocarbamic acid 1-(4-methoxyphenyl)-1-p-tolyl-ethyl ester 0.020 g, 0.06 mmol). 
The crude product was purified by flash column chromatography (n-pentane) and the title 
compound isolated as a colourless oil (0.012 g, 75 %).  
 
RF: 0.59 (petrol/EtOAc, 8:1); MS: m/z (EI) 224 (90%, M-SH2); HRMS: found 224.1199, 
C16H16O requires 224.1196; IR: νmax(film)/cm¹ 2553 (w, SH); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.36 (d, J 8.8 Hz, 2H, H-9 or 10), 7.33 (d, J 8.3 Hz, 2H, H-9 or 10), 7.12 (d, J 8.1 Hz, 2H, H-4), 
6.83 (d, J 9.1 Hz, 2H, H-3), 3.81 (s, 3H, H-1), 2.48 (s, 1H, SH), 2.34 (s, 3H, H-12), 2.14 (s, 3H, 
H-7); ¹³C-NMR: (CDCl3, 100 MHz) δ 157.1 (C-2), 144.6, 139.6, 135.2, 127.7, 127.2, 125.9, 
112.2 (aryl), 54.2 (C-1), 52.0 (C-6), 34.0 (C-7), 19.9 (C-12). 
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253a: Methylthiocarbamic acid phenyl-p-tolylmethyl ester 
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General procedure F was followed using methylphenylthiocarbamic acid S-(4-methylbenzyl) 
ester (0.045 g, 0.17 mmol), diisopropylamine (0.08 cm3, 0.55 mmol), n-butyllithium (0.29 cm3, 
1.6 M, 0.46 mmol) and propionic acid (0.04 cm3, 0.50 mmol) with stirring for 2 hours. The 
crude product was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as an amorphous colourless solid (0.032 g, 73 %).  
 
RF: 0.09 (petrol/EtOAc, 8:1); Mpt: 113-115 ºC (DCM); MS: m/z (ES+) 294 (100%, M+Na+); 
HRMS: found 294.0924, C16H17NONaS requires 294.0923; IR: νmax(film)/cm¹ 1648 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.39 (d, J 8.0 Hz, 2H, H-7 or 8), 7.32-7.21 (m, 5H, aryl), 7.12 
(d, J 8.0 Hz, 2H, H-7 or 8), 5.94 (s, 1H, H-5), 5.24 (br s, 1H, NH), 2.85 (d, J 4.0 Hz, 3H, H-12), 
2.32 (s, 3H, H-10); ¹³C-NMR: (CDCl3, 100 MHz) δ 166.6 (C-11), 141.6, 138.4, 136.9, 129.2, 
128.5, 128.3, 128.2, 127.1 (aryl), 52.8 (C-5), 28.0 (C-12), 21.1 (C-10). 
 
 
253b: Methylthiocarbamic acid (4-methoxyphenyl)phenylmethyl ester 
 
 
 
General procedure F was followed using methylphenylthiocarbamic acid 4-methoxybenzyl ester 
(0.057 g, 0.18 mmol), diisopropylamine (0.07 cm3, 0.52 mmol), n-butyllithium (0.29 cm3, 1.5 
M, 0.43 mmol) and propionic acid (0.04 cm3, 0.50 mmol) with stirring for 2 hours. The crude 
product was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title 
compound as an amorphous colourless solid (0.055 g, 96 %).  
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RF: 0.06 (petrol/EtOAc, 8:1); Mpt: 84-86 ºC (DCM); MS: m/z (ES+) 310 (100%, M+Na+); 
HRMS: found 310.0870, C16H17NO2NaS requires 310.0872; IR: νmax(film)/cm¹ 1644 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.40-7.38 (m, 2H, aryl), 7.33-7.21 (m, 5H, aryl), 6.84 (d, J 8.0 
Hz, 2H, H-3), 5.94 (s, 1H, H-6), 5.29 (br s, 1H, NH), 3.79 (s, 3H, H-1), 2.85 (d, J 4.0 Hz, 3H, 
H-12); ¹³C-NMR: (CDCl3, 100 MHz) δ 166.6 (C-11), 158.6 (C-2), 141.7, 133.5, 129.5, 128.5, 
128.3, 127.1, 113.9 (aryl), 55.3 (C-1), 52.5 (C-6), 28.0 (C-12). 
 
 
253c: Methylthiocarbamic acid (4-tert-butylphenyl)phenylmethyl ester 
 
 
 
General procedure F was followed using methylphenylthiocarbamic acid 4-tert-butylbenzyl 
ester (0.050 g, 0.16 mmol), diisopropylamine (0.07 cm3, 0.48 mmol), n-butyllithium (0.27 cm3, 
1.5 M, 0.40 mmol) and propionic acid (0.04 cm3, 0.50 mmol) with stirring for 2 hours. The 
crude product was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as a colourless oil (0.042 g, 83 %).  
 
RF: 0.09 (petrol/EtOAc, 8:1); MS: m/z (ES+) 336 (100%, M+Na+); HRMS: found 336.1380, 
C19H23NONaS requires 336.1393; IR: νmax(film)/cm¹ 1653 (C=O); ¹H-NMR: (CDCl3, 400 
MHz) δ 7.42 (d, J 7.6 Hz, 2H, H-4 or 5), 7.33-7.21 (m, 7H, aryl), 5.96 (s, 1H, H-7), 5.32 (br s, 
1H, NH), 2.83 (d, J 4.8 Hz, 3H, H-13), 1.30 (s, 9H, H-1); ¹³C-NMR: (CDCl3, 100 MHz) δ 165.6 
(C-12), 148.9, 140.7, 137.2, 127.4, 127.3, 126.9, 126.0, 124.4 (aryl), 51.6 (C-7), 33.4 (C-2), 
30.3 (C-13), 26.9 (C-1). 
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253e: Methylthiocarbamic acid (4-chlorophenyl)phenylmethyl ester 
 
 
 
General procedure E was followed using n-butyllithium (0.17 cm3, 0.43 mmol, 2.5 M), 
diisopropylamine (0.07 cm3, 0.51 mmol), (4-chlorophenyl)methylthiocarbamic acid benzyl ester 
(0.048 g, 0.17 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified 
by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as an 
amorphous white solid (0.040 g, 84%). 
 
RF: 0.11 (petrol/EtOAc, 8:1); Mpt: 90-92 ºC (DCM); MS: m/z (ES+) 314 (100%, M+Na+); 
HRMS: found 314.0375, C15H14NONaSCl requires 314.0377; IR: νmax(film)/cm¹ 1659 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.34-7.21 (m, 9H, aryl), 5.92 (s, 1H, H-5), 5.32 (br s, 1H, NH), 
2.83 (d, J 4.0 Hz, 3H, H-11); ¹³C-NMR: (CDCl3, 100 MHz) δ 166.2 (C-10), 140.7, 140.2, 
133.0, 129.7, 128.7, 128.6, 128.3, 127.4 (aryl), 52.3 (C-5), 28.0 (C-11).  
 
 
253f: Methylthiocarbamic acid (4-cyanophenyl)phenylmethyl ester 
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General procedure E was followed using n-butyllithium (0.18 cm3, 0.44 mmol, 2.5 M), 
diisopropylamine (0.07 cm3, 0.53 mmol), (4-cyanophenyl)methylthiocarbamic acid benzyl ester 
(0.043 g, 0.18 mmol) and propionic acid (0.04 cm3, 0.53 mmol). The crude product was purified 
by flash column chromatography (petrol/EtOAc, 6:1) and the title compound isolated as an 
amorphous white solid (0.030 g, 69%). 
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RF: 0.03 (petrol/EtOAc, 8:1); Mpt: 109-111 ºC (DCM); MS: m/z (ES+) 305 (100%, M+Na+); 
HRMS: found 282.0826, C16H14N2OS requires 282.0821; IR: νmax(film)/cm¹ 1662 (C=O), 
2229 (CN); ¹H-NMR: (CDCl3, 500 MHz) δ 7.60 (d, J 8.3 Hz, 2H, H-8), 7.52 (d, J 8.3 Hz, 2H, 
H-7), 7.36-7.24 (m, 5H, aryl), 5.98 (s, 1H, H-5), 5.32 (br s, 1H, NH), 2.87 (d, J 4.8 Hz, 3H, H-
12); ¹³C-NMR: (CDCl3, 125 MHz) δ 165.7 (C-11), 147.3, 139.7, 132.3, 129.1, 128.9, 128.4, 
127.7 (aryl), 118.7 (C-10), 111.0 (aryl), 52.6 (C-5), 28.1 (C-12). 
 
 
254a: Phenyl-p-tolylmethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.04 cm3, 0.10 mmol) and 
methylthiocarbamic acid phenyl-p-tolylmethyl ester (0.015 g, 0.06 mmol). The crude product 
was purified by flash column chromatography (n-pentane) and the title compound isolated as a 
colourless oil (0.007 g, 57 %).  
 
RF: 0.55 (petrol/EtOAc, 8:1); MS: m/z (ES-) 213 (55%, [M-H]-), 181 (50%, M-SH-); HRMS: 
found 214.0816, C14H14S requires 214.0811; IR: νmax(film)/cm¹ 2560 (w, SH); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.42 (d, J 7.6 Hz, 2H, H-7 or 8), 7.34-7.22 (m, 5H, aryl), 7.14 (d, J 8.0 Hz, 
2H, H-7 or 8), 5.44 (d, J 4.8 Hz, 1H, H-5), 2.34 (s, 3H, H-10), 2.27 (d, J 5.0 Hz, 1H, SH); ¹³C-
NMR: (CDCl3, 100 MHz) δ 143.6, 140.5, 136.9, 129.2, 128.5, 127.8, 127.7, 127.1 (aryl), 47.5 
(C-5), 21.0 (C-10). 
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254b: (4-Methoxyphenyl)phenylmethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.09 cm3, 0.23 mmol) and 
methylthiocarbamic acid (4-methoxyphenyl)phenylmethyl ester (0.033 g, 0.12 mmol). The 
crude product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.031 g, 99 %). 
 
The title compound was also isolated from the following procedure: 
n-Butyllithium (0.29 cm3, 1.5 M in hexanes, 0.44 mmol) was added to a solution of 
diisopropylamine (0.07 cm3, 0.52 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 
minutes and then cooled to -78 °C. This solution was added by cannular to a cooled (-78 °C) 
solution of methyl-phenyl-thiocarbamic acid 4-methoxy-benzyl ester (0.055 g, 0.19 mmol) in 
THF (1 cm3) and DMPU (0.5 cm3). The mixture was allowed to stir for 2 hours. MeOH (1 cm3) 
was added and the mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 
cm3) were added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 
10 cm3) and the combined organic fractions dried over magnesium sulfate, filtered and the 
solvent removed under reduced pressure. The crude product was then purified by flash column 
chromatography (petrol/EtOAc, 15:1) to afford the title compound as a colourless oil (0.027 g, 
62 %).  
 
RF: 0.40 (petrol/EtOAc, 8:1); MS: m/z (EI) 229 (20%, [M-H]-); HRMS: found 229.0685, 
C14H13OS requires 229.0682; IR: νmax(film)/cm¹ 2559 (w, S-H); ¹H-NMR: (CDCl3, 400 MHz) 
δ 7.42 (d, J 4.0 Hz, 2H, H-4), 7.35-7.32 (m, 4H, aryl), 7.26-7.23 (m, 1H, aryl), 6.86 (d, J 4.0 Hz, 
2H, H-3), 5.44 (d, J 4.0 Hz, 1H, H-6), 3.80 (s, 3H, H-1), 2.27 (d, J 4.0 Hz, 1H, SH); ¹³C-NMR: 
(CDCl3, 100 MHz) δ 157.6 (C-2), 142.7, 134.5, 127.9, 127.5, 126.7, 126.1, 112.8 (aryl), 54.3 
(C-1), 46.2 (C-6). 
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254c: (4-tert-Butylphenyl)phenylmethanethiol 
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General procedure I was followed using sodium ethoxide solution (0.07 cm3, 0.18 mmol) and 
methylthiocarbamic acid (4-tert-butylphenyl)phenylmethyl ester (0.028 g, 0.09 mmol). The 
crude product was purified by flash column chromatography (n-pentane) and the title compound 
isolated as a colourless oil (0.018 g, 78 %).  
 
RF: 0.54 (petrol/EtOAc, 8:1); MS: m/z (EI) 223 (100%, M-SH-); HRMS: found 223.1472, 
C17H19 requires 223.1481; IR: νmax(film)/cm¹ 2558 (w, SH); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.37 (d, J 7.3 Hz, 2H, H-4 or 5), 7.32-7.11 (m, 7H, aryl), 5.37 (d, J 5.0 Hz, 1H, H-7), 2.22 (d, J 
5.0 Hz, 1H, SH), 1.24 (s, 9H, H-1); ¹³C-NMR: (CDCl3, 100 MHz) δ 149.0, 142.5, 139.2, 127.5, 
126.8, 126.3, 126.1, 124.4 (aryl), 46.4 (C-7), 33.4 (C-2), 30.3 (C-1). 
 
 
254d: (2-Chlorophenyl)phenylmethanethiol 
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n-Butyllithium (0.17 cm3, 0.43 mmol, 2.5 M in hexanes) was added to a solution of 
diisopropylamine (0.07 cm3, 0.51 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 
minutes and then cooled to -60 °C. This solution was added by cannular to a cooled (-60 °C) 
solution of methylphenylthiocarbamic acid 2-chlorobenzyl ester (0.053 g, 0.17 mmol) in THF (1 
cm3) and DMPU (0.5 cm3). The mixture was allowed to stir for 15 hours. Propionic acid (0.04 
cm3, 0.51 mmol) was added and the mixture allowed to warm to room temperature. Water (10 
cm3) and Et2O (10 cm3) were added and the phases separated. The aqueous fraction was 
extracted with Et2O (2 x 10 cm3) and the combined organic fractions dried over magnesium 
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sulfate, filtered and the solvent removed under reduced pressure. The crude product was then 
purified by flash column chromatography (petrol) to afford the title compound as a colourless 
oil (0.017 g, 41 %).  
 
RF: 0.57 (petrol/EtOAc, 8:1); MS: m/z (EI) 201 (75%, M-SH-); HRMS: found 201.0460, 
C13H10Cl requires 201.0466; IR: νmax(film)/cm¹ 2559 (w, SH); ¹H-NMR: (CDCl3, 400 MHz) δ 
7.64-7.61 (dd, J 7.8 1.5 Hz, 1H, aryl), 7.44-7.42 (d, J 7.6 Hz, 2H, aryl), 7.38-7.18 (m, 6H, aryl), 
5.92 (d, J 5.6 Hz, 1H, H-7), 2.35 (d, J 5.6 Hz, 1H, SH); ¹³C-NMR: (CDCl3, 100 MHz) δ 141.9, 
141.0, 132.9, 129.7, 129.7, 128.6, 128.4, 128.0, 127.3, 127.2 (aryl), 43.8 (C-7). 
 
 
244: 4-Nitrothiobenzoic acid S-((S)-1-phenyl-1-p-tolylethyl) ester 
 
 
 
Sodium hydride (0.004 g, 0.10 mmol, 60 % in mineral oil) was added to a solution of (S)-1-
phenyl-1-p-tolylethanethiol (0.015 g, 0.06 mmol) in THF (3 cm3) at 0 °C. The mixture was 
stirred for 3 minutes and 4-nitrobenzoyl chloride (0.024 g, 0.13 mmol) was added. The mixture 
was warmed to room temperature and stirred for 18 hours. The mixture was cooled to 0 °C and 
water (2 cm3) was added with care. The mixture was partitioned between saturated aqueous 
ammonium chloride and EtOAc and the phases separated. The aqueous fraction was extracted 
with EtOAc (3 x 10 cm3). The combined organic fractions were dried over magnesium sulfate, 
filtered and the solvent removed under reduced pressure. The crude product was purified by 
flash column chromatography (petrol/EtOAc, 15:1) and the title compound isolated as 
colourless prisms (0.016 g, 66 %).  
 
RF: 0.43 (petrol/EtOAc, 8:1); Mpt: 85-87 ºC (heptane); [α]D22: -7.2 (c. 0.9, CHCl3); MS: m/z 
(ES+) 400 (60%, M+Na+); HRMS: found 400.0964, C22H19NO3NaS requires 400.0978; IR: 
νmax(film)/cm¹ 1664 (C=O), 1529 (NO2 sy), 1350 (NO2 as); ¹H-NMR: (CDCl3, 400 MHz) δ 
8.26 (d, J 8.8 Hz, 2H, H-15), 8.06 (d, J 8.8 Hz, 2H, H-14), 7.44 (d, J 8.6 Hz, 2H, H-8 or 9), 
7.36-7.26 (m, 5H, aryl), 7.15 (d, J 8.3 Hz, 2H, H-8 or 9), 2.46 (s, 3H, H-11), 2.35 (s, 3H, H-6); 
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¹³C-NMR: (CDCl3, 75.5 MHz) δ 188.8 (C-12), 150.3, 144.6, 142.2, 141.5, 137.1, 129.0, 128.3, 
128.2, 127.7, 127.6, 127.3, 123.8 (aryl), 61.3 (C-5), 28.7 (C-6), 21.0 (C-11). 
 
 
±242: (±)-Methyl-p-tolylthiocarbamic acid S-(1-phenyl-1-trimethylsilanylethyl) ester 
 
 
 
n-Butyllithium (0.18 cm3, 0.44 mmol, 2.5 M in THF) was added to a solution of 
diisopropylamine (0.08 cm3, 0.53 mmol) in THF (1 cm3) at 0 °C. The mixture was stirred for 20 
minutes and cooled to -78 °C. This was added to a solution of methyl-p-tolylthiocarbamic acid 
1-phenylethyl ester (0.048 g, 0.17 mmol) in THF (1.5 cm3) at -78 °C. The mixture was stirred 
for 2 minutes and trimethylsilyl chloride (0.09 cm3, 0.70 mmol) was added. After a further 5 
minutes, saturated aqueous ammonium chloride (2.5 cm3) was added. The mixture was 
partitioned between Et2O (10 cm3) and water (10 cm3) and the phases separated. The aqueous 
fraction was extracted with Et2O (3 x 10 cm3). The combined organic fractions were dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude product 
was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the title compound 
as a colourless oil (0.058 g, 95%). 
 
RF: 0.28 (petrol/EtOAc, 8:1); Mpt: 90-92 ºC (DCM); MS: m/z (ES+) 380 (100%, M+Na+); 
HRMS: found 380.1492, C20H27NONaSiS requires 380.1480; IR: νmax (film)/cm¹ 1667 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.44-7.41 (m, 2H, aryl), 7.30-7.09 (m, 7H, aryl), 3.16 (s, 3H, H-
9), 2.41 (s, 3H, H-5 or 14), 2.06 (s, 3H, H-5 or 14), -0.10 (s, 9H, H-7); ¹³C-NMR: (CDCl3, 100 
MHz) δ 145.0, 140.0, 130.0, 127.9, 127.6, 126.4, 124.5, 123.3 (aryl), 42.6 (C-5), 38.2 (C-9), 
22.3, 21.2 (C-6,14), -3.5 (C-7). 
 
Also isolated from this procedure was methylthiocarbamic acid 1-phenyl-1-p-tolylethyl ester, 
±182a (0.001 g, 2.5 %). 
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±238a: (±)-Thioisobutyric acid S-(1-phenyl-1-p-tolyl-ethyl) ester 
 
1
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Sodium ethoxide solution (0.05 cm3, 0.12 mmol, 21 % w/w in ethanol) was added to a solution 
of methylthiocarbamic acid 1-phenyl-1-p-tolylethyl ester (0.030 g, 0.11 mmol) in EtOH (2 cm3) 
at room temperature with stirring for 15 minutes. Aqueous HCl (1 cm3, 1 M) was added with 
care followed by Et2O (10 cm3) and water (10 cm3). The phases were separated and the aqueous 
fraction extracted with Et2O (3 x 10 cm3). The combined organic fractions were dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude thiol 
was redissolved in DCM (2 cm3). Iso-butyryl chloride (0.01 cm3, 0.11 mmol), triethylamine 
(0.03 cm3, 0.22 mmol) and DMAP (0.001 g, 0.01 mmol) were added and the mixture was stirred 
for 16 hours at room temperature. Water (10 cm3) and DCM (10 cm3) were added and the 
phases separated. The aqueous fraction was extracted with DCM (2 x 10 cm3). The combined 
organic fractions were dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude product was purified by flash column chromatography 
(petrol/EtOAc, 20:1) to afford the title compound as a yellow oil (0.024 g, 80 %). 
 
RF: 0.72 (petrol/EtOAc, 8:1); MS: m/z (ES+) 321 (100%, M+Na+); HRMS: found 321.1276, 
C19H22ONaS requires 321.1284; IR: νmax (film)/cm¹ 1689 (C=O); ¹H-NMR: (CDCl3, 400 
MHz) δ 7.37-7.36 (m, 2H, H-8 or 9), 7.31-7.21 (m, 5H, aryl), 7.10 (d, J 8.0 Hz, 2H, H-8 or 9), 
2.67 (sept, J 6.8 Hz, 1H, H-13), 2.33 (br s, 6H, H-6, H-11), 1.12 (d, J 6.8 Hz, 6H, H-14); ¹³C-
NMR: (CDCl3, 100 MHz) δ 201.3 (C-12), 144.3, 141.3, 135.5, 127.7, 127.0, 126.6, 126.5, 
125.8 (aryl), 58.5 (C-5), 42.1 (C-13), 27.8 (C-6), 19.9 (C-11), 18.2 (C-14). 
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±238b: (±)-Thioisobutyric acid S-[1-(2-methoxyphenyl)-1-phenylethyl] ester 
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Sodium ethoxide solution (0.04 cm3, 0.11 mmol, 21 % w/w in ethanol) was added to a solution 
of methylthiocarbamic acid 1-(2-methoxyphenyl)-1-phenylethyl ester (0.030 g, 0.10 mmol) in 
EtOH (2 cm3) at room temperature with stirring for 15 minutes. Aqueous HCl (1 cm3, 1 M) was 
added with care followed by Et2O (10 cm3) and water (10 cm3). The phases were separated and 
the aqueous fraction extracted with Et2O (3 x 10 cm3). The combined organic fractions were 
dried over magnesium sulfate, filtered and the solvent removed under reduced pressure. The 
crude thiol was redissolved in DCM (2 cm3). Iso-butyryl chloride (0.01 cm3, 0.11 mmol), 
triethylamine (0.03 cm3, 0.22 mmol) and DMAP (0.001 g, 0.01 mmol) were added and the 
mixture was stirred for 18 hours at room temperature. Water (10 cm3) and DCM (10 cm3) were 
added and the phases separated. The aqueous fraction was extracted with DCM (2 x 10 cm3). 
The combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude product was purified by flash column 
chromatography (petrol/DCM, 4:1) to afford the title compound as amorphous white solid 
(0.022 g, 71 %). 
 
RF: 0.13 (petrol/DCM, 4:1); Mpt: 79-81 ºC (DCM); MS: m/z (ES+) 337 (100%, M+Na+); 
HRMS: found 337.1226, C19H22O2NaS requires 337.1233; IR: νmax (film)/cm-1 1685 (C=O); 
¹H-NMR: (CDCl3, 400 MHz) δ 7.58 (d, J 7.6 Hz, 1H, aryl), 7.32-7.17 (m, 6H, aryl), 7.01 (dt, J 
7.6, 1.2 Hz, 1H, aryl), 6.85 (d, J 8.0 Hz, 1H, aryl), 3.45 (s, 3H, H-1), 2.71 (sept, J 6.8 Hz, 1H, 
H-15), 2.37 (s, 3H, H-9), 1.15 (m, 6H, H-16); ¹³C-NMR: (CDCl3, 100 MHz) δ 202.8 (C-14), 
157.2, 146.1, 132.4, 129.2, 128.8, 127.7, 126.3, 126.3, 120.1, 112.9 (aryl), 59.1 (C-8), 55.4 (C-
1), 43.2 (C-15), 27.4 (C-9), 19.4 (C-16).  
 
Also prepared by this procedure was the following: 
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238b: Thioisobutyric acid S-[(S)-1-(2-methoxyphenyl)-1-phenylethyl] ester 
 
Using methylthiocarbamic acid (S)-1-(2-methoxyphenyl)-1-phenylethyl ester isolated from the 
following procedure: 
 
n-Butyllithium (0.17 cm3, 0.42 mmol, 2.5 M in hexanes) was added to a solution of 
diisopropylamine (0.07 cm3, 0.50 mmol) in THF (1 cm3) at 0 °C. This was stirred for 15 
minutes and then cooled to -78 °C. This solution was added by cannular to a cooled (-78 °C) 
solution of (2-methoxyphenyl)methylthiocarbamic acid S-((S)-1-phenylethyl) ester (0.051 g, 
0.17 mmol) in THF (1.5 cm3). The mixture was allowed to stir for 30 minutes. Saturated 
aqueous ammonium chloride (2.5 cm3) was added and the mixture allowed to warm to room 
temperature. Water (10 cm3) and Et2O (10 cm3) were added and the phases separated. The 
aqueous fraction was extracted with Et2O (2 x 10 cm3) and the combined organic fractions dried 
over magnesium sulfate, filtered and concentrated under reduced pressure. The crude product 
was then purified by flash column chromatography (petrol/EtOAc, 8:1) to afford 
methylthiocarbamic acid (S)-1-(2-methoxyphenyl)-1-phenylethyl ester (0.046 g, 91 %). 
 
The crude thioisobutyric acid S-[(S)-1-(2-methoxyphenyl)-1-phenylethyl] ester was not purified. 
Chiral HPLC of the crude product gave the following data: 
 
HPLC: er 87:13; Chiralcel OD-H; mobile phase: hexane/isopropyl alcohol 98:2: tr 5.8 (maj), 7.4 
(min).  
 
 
±240: (±)-2,4,6-Triisopropylthiobenzoic acid S-(1-phenyl-1-p-tolylethyl) ester 
 
 
 
n-Butyllithium (0.11 cm3, 0.26 mmol, 2.5 M in hexanes) was added to a solution of (±)-1-(4-
methylphenyl)-1-phenylethanethiol (0.041 g, 0.18 mmol) in THF (5 cm3) at 0 °C. The mixture 
was stirred for 10 minutes. 2,4,6-triisopropylbenzoyl chloride (0.052 g, 0.19 mmol) was added. 
The mixture was warmed to room temperature and stirred for 20 hours. Water (10 cm3) and 
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Et2O (10 cm3) were added and the phases separated. The aqueous fraction was extracted with 
Et2O (2 x 10 cm3). The combined organic fractions were dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure. The title compound was tentatively assigned 
from the following data: 
 
¹H-NMR: (CDCl3, 400 MHz) δ 7.45 (d, J 7.4 Hz, 2H, H-8 or 9), 7.32-7.20 (m, 5H, aryl), 7.12 
(d, J 8.0 Hz, 2H, H-8 or 9), 6.94 (s, 2H, H-17), 2.91-2.82 (m, 3H, H-15, 19), 2.44 (s, 3H, H-6), 
2.34 (s, 3H, H-11), 1.30-1.22 (br m, 18H, H-14, 20).  
 
 
±241: (±)-1-Chloro-4-(1-phenylethyl)benzene141 
 
 
 
sec-Butyllithium (0.63 cm3, 0.82 mmol, 1.3 M in THF) was added to a solution of (±)-(4-
chlorophenyl)methylthiocarbamic acid 1-phenylethyl ester (0.108 g, 0.33 mmol) in THF (5 cm3) 
at -78 °C. The mixture was stirred for 3 hours. Saturated aqueous ammonium chloride (2.5 cm3) 
was added.  Et2O (10 cm3) and water (10 cm3) were added and the phases separated. The 
aqueous fraction was extracted with Et2O (3 x 10 cm3). The combined organic fractions were 
dried over magnesium sulfate, filtered and the solvent removed under reduced pressure. The 
crude product was purified by flash column chromatography (petrol/EtOAc, 8:1) to afford the 
title compound as a yellow oil (0.057 g, 74 %). 
 
RF: 0.65 (petrol/EtOAc, 8:1); MS: m/z (EI) 216 (50%, M+); HRMS: found 216.0701, C14H13Cl 
requires 216.0700; ¹H-NMR: (CDCl3, 400 MHz) δ 7.34-7.17 (m, 9H, aryl), 4.16 (q, J 7.2 Hz, 
1H, H-5), 1.65 (d, J 7.6 Hz, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 145.8, 144.9, 131.7, 
129.0, 128.5, 128.5, 127.5, 126.3 (aryl), 44.2 (C-5), 21.8 (C-6). Matches published data.141 
 
263: 2,2'-(Methylene)bis[(4S)-4-tert-butyl-4,5-dihydro-2-oxazole]142 
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By the method of Denmark and co-workers.142 
 
Tert-leucinol (0.444 g, 3.70 mmol) and diethyldiimidate (0.501 g, 1.90 mmol) were stirred in 
DCM (20 cm3) at room temperature for 36 hours. Water (20 cm3) was added and the phases 
separated. The aqueous fraction was extracted with DCM (2 x 10 cm3). The combined organic 
fractions were washed with brine, dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude product was purified by bulb-to-bulb distillation to 
afford the title compound as pale yellow prisms (0.352 g, 71 %). 
 
RF: 0.06 (petrol/EtOAc, 1:1); Mpt: 43-44 ºC (DCM); [α]D21: -43.4 (c. 1.0, CHCl3); MS: m/z 
(ES+) 267 (100%, M+H+), 289 (95%, M+Na+); HRMS: found 267.2081, C15H27N2O2 requires 
267.2067; IR: νmax(film)/cm¹ 1667 (C=N); ¹H-NMR: (CDCl3, 400 MHz) δ 4.21 (dd, J 10.1, 
8.8 Hz, 2H, H-4), 4.10 (t, J 7.4 Hz, 2H, H-3), 3.88 (ddt, J 10.1, 7.8, 1.0 Hz, 2H, H-4’), 3.35 (t, J 
1.0 Hz, 2H, H-6), 0.89 (s, 18H, H-1); ¹³C-NMR: (CDCl3, 125 MHz) δ 161.5 (C-5), 75.8 (C-4), 
69.1 (C-3), 33.7 (C-2), 28.4 (C-6), 25.7 (C-1). Matches published data.142 
 
 
256: 2,2'-(1-Ethylpropylidene)bis[(4S)-4-tert-butyl-4,5-dihydro-2-oxazole]142 
 
 
 
By the method of Denmark and co-workers.142 
 
n-Butyllithium (1.85 cm3, 4.51 mmol, 2.44M in hexanes) was added to a solution of 2,2'-
(methylene)bis[(4S)-4-tert-butyl-4,5-dihydro-2-oxazole] (0.997 g, 3.76 mmol) in THF (20 cm3) 
at 0 °C. The mixture was stirred for 5 minutes and bromoethane (0.36 cm3, 4.89 mmol) was 
added with stirring for a further 10 minutes at 0 °C. n-Butyllithium (1.85 cm3, 4.51 mmol, 
2.44M in hexanes) was added with stirring for 5 minutes. Bromoethane (0.36 cm3, 4.89 mmol) 
was added with stirring for a further 10 minutes at 0 °C. The mixture was allowed to warm to 
room temperature and the solvent removed under reduced pressure. The crude residue was 
dissolved in Et2O (20 cm3), water (20 cm3) was added and the phases separated. The aqueous 
phase was extracted with Et2O (2 x 20 cm3), the combined organic fractions dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude product 
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was purified by flash column chromatography (petrol/EtOAc, 10:1) to afford the title compound 
as a colourless oil (1.091 g, 90 %). 
 
RF: 0.32 (petrol/EtOAc, 8:1); [α]D21: -93.2 (c. 2.3, CHCl3); MS: m/z (ES+) 323 (100%, M+H+), 
345 (15%, M+Na+); HRMS: found 323.2695, C19H35N2O2 requires 323.2693; IR: 
νmax(film)/cm¹ 1657 (C=N); ¹H-NMR: (CDCl3, 400 MHz) δ 4.13 (dd, J 10.1, 8.6 Hz, 2H, H-4), 
4.03 (dd, J 8.6, 7.3 Hz, 2H, H-3), 3.87 (dd, J 10.1, 7.3 Hz, 2H, H-4’), 2.07 (dq, J 15.1, 7.6 Hz, 
2H, H-7), 1.93 (dq, J 14.9, 7.3 Hz, 2H, H-7’), 0.89 (s, 18H, H-1), 0.85 (t, J 7.6 Hz, 6H, H-8); 
¹³C-NMR: (CDCl3, 100 MHz) δ 167.2 (C-5), 75.5 (C-4), 68.4 (C-3), 46.7 (C-6), 33.9 (C-2), 
25.9 (C-1), 25.2 (C-7), 8.5 (C-8). Matches published data.142 
 
 
280a: Methylphenylthiocarbamic acid (E)-but-2-enyl ester 
 
 
 
A solution of N-methylaniline (0.22 cm3, 2.03 mmol) and triethylamine (0.42 cm3, 3.02 mmol) 
in THF (15 cm3) was added dropwise to a solution of thiophosgene (0.23 cm3, 3.00 mmol) in 
THF (15 cm3) at 0 °C. The mixture was warmed to room temperature and stirred for 20 hours. 
The solvent was removed under reduced pressure. The crude residue was dissolved in Et2O (20 
cm3), water (20 cm3) was added and the phases separated. The aqueous fraction was extracted 
with Et2O (2 x 15 cm3), the combined organic fractions dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure. Sodium hydride (0.206 g, 5.00 mmol, 60 % 
w/w dispersion in mineral oil) was added to a solution of crotyl alcohol (0.14 cm3, 1.66 mmol, 
E:Z, 19:1) in THF (40 cm3) at 0 °C with stirring for 15 minutes. Sodium iodide (0.026 g, 0.16 
mmol) and the crude thiocarbamoyl chloride were added. The mixture was warmed to room 
temperature with stirring for 1 hour. Saturated aqueous ammonium chloride (20 cm3) was added 
with care and the phases separated. The aqueous fraction was extracted with Et2O (3 x 15 cm3). 
The combined organic fractions were dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure to afford the title compound as yellow needles (0.170 g, 46 %). 
 
RF: 0.41 (petrol/EtOAc, 8:1); Mpt: 60-62 ºC (DCM); MS: m/z (ES+) 244 (100%, M+Na+); 
HRMS: found 222.0941, C12H16NOS requires 222.0947; IR: νmax(film)/cm¹ 1198 (C=S); ¹H-
NMR: signals broadened due to slow rotation (CDCl3, 300 MHz) δ 7.58-6.98 (m, 5H, aryl), 
5.62 (br s, 2H, H-2,3), 4.89 (br s, 2H, H-4), 3.63 (br s, 3H, H-6), 1.67 (br s, 3H, H-1); ¹³C-
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NMR: (CDCl3, 100 MHz) δ 168.1 (C-5), 142.0, 139.6, 129.4, 128.3, 128.3, 114.5 (aryl, C-2,3), 
42.7 (C-4), 38.2 (C-6), 20.0 (C-1). 
 
±276a: (±)-Methylphenylthiocarbamic acid 1-methylallyl ester 
 
 
 
A solution of methylphenylthiocarbamic acid (E)-but-2-enyl ester (0.050 g, 0.23 mmol) and 
potassium carbonate (0.005 g, 0.04 mmol) in toluene (2 cm3) was heated to reflux with stirring 
for 2 days. The solvent was removed under reduced pressure and the crude product purified by 
flash column chromatography (petrol/Et2O, 19:1) to afford the title compound as a colourless oil 
(0.049 g, 98 %). 
 
RF: 0.32 (petrol/EtOAc, 8:1); MS: m/z (ES+) 244 (100%, M+Na+); HRMS: found 222.0955, 
C12H16NOS requires 222.0947; IR: νmax(film)/cm¹ 1657 (C=O); ¹H-NMR: (CDCl3, 400 MHz) 
δ 7.44-7.35 (m, 3H, aryl), 7.29-7.27 (m, 2H, aryl), 5.88 (ddd, J 17.2, 10.3, 6.8 Hz, 1H, H-2), 
5.19 (dd, J 17.2, 1.4 Hz, 1H, H-1(Z)), 5.03 (dd, J 10.3, 1.2 Hz, 1H, H-1(E)), 4.12 (d qnt, J 7.0, 
1.2 Hz, 1H, H-3), 3.33 (s, 3H, H-6), 1.38 (d, J 7.1 Hz, 3H, H-4); ¹³C-NMR: (CDCl3, 100 MHz) 
δ 168.2 (C-5), 142.0, 139.6, 129.5, 128.4, 128.3 (aryl, C-1 or 2), 114.6 (C-1 or 2), 42.8 (C-3), 
38.2 (C-6), 20.0 (C-4). 
 
 
±278a: (±)-Methylthiocarbamic acid 1-methyl-1-phenylallyl ester 
 
 
 
General procedure E was followed using n-butyllithium (0.24 cm3, 0.58 mmol, 2.44 M), 
diisopropylamine (0.10 cm3, 0.69 mmol), methylphenylthiocarbamic acid 1-methylallyl ester 
(0.030 g, 0.23 mmol) and propionic acid (0.05 cm3, 0.69 mmol). The crude product was purified 
by flash column chromatography (petrol/EtOAc, 8:1) and the title compound isolated as a 
yellow oil (0.029 g, 98 %). 
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RF: 0.08 (petrol/EtOAc, 8:1); MS: m/z (ES+) 244 (100%, M+Na+); HRMS: found 244.0767, 
C12H15NONaS requires 244.0767; IR: νmax(film)/cm¹ 1654 (C=O); ¹H-NMR: (CDCl3, 400 
MHz) δ 7.57-7.54 (m, 2H, aryl), 7.36-7.32 (m, 2H, aryl), 7.27-7.23 (m, 1H, H-1), 6.50 (dd, J 
17.2, 10.6 Hz, 1H, H-7), 5.29-5.22 (m, 3H, NH, H-8(Z, E)), 2.76 (d, J 4.5 Hz, 3H, H-10), 1.96 
(s, 3H, H-6); ¹³C-NMR: (CDCl3, 100 MHz) δ 165.2 (C-9), 142.9, 141.3, 127.2, 126.1, 125.9 
(aryl, C-7 or 8), 113.1 (C-7 or 8), 55.7 (C-5), 28.7 (C-6), 25.7 (C-10).  
 
 
276d: (±)-(2-Methoxyphenyl)methylthiocarbamic acid S-(1-phenylallyl) ester 
 
 
 
A solution of (2-methoxyphenyl)methylthiocarbamic acid O-(1-phenylallyl) ester124 (0.235 g, 
0.75 mmol) in toluene (12 cm3) was heated to reflux with stirring for 4 days. The solvent was 
removed under reduced pressure and the crude product purified by flash column 
chromatography (petrol/EtOAc, 15:1) to afford the title compound as a colourless oil (0.209 g, 
89 %). 
 
RF: 0.23 (petrol/EtOAc, 8:1); MS: m/z (ES+) 336 (100%, M+Na+); HRMS: found 314.1201, 
C18H20NO2S requires 314.1210; IR: νmax (film)/cm¹ 1652 (C=O); mixture of 2 rotamers in a 1:1 
ratio ¹H-NMR: (CDCl3, 400 MHz) δ 7.39-7.17 (m, 14H, aryl A and B), 7.00-6.91 (m, 4H, aryl 
A and B), 6.17-6.03 (m, 2H, H-6 A and B), 5.25-5.13 (m, 6H, H-7(Z, E), H-5 A and B), 3.89 (s, 
3H, H-16 A), 3.76 (s, 3H, H-16 B), 3.23 (s, 6H, H-9 A and B); ¹³C-NMR: (CDCl3, 100 MHz) δ 
168.3 (C-8 A), 168.2 (C-8 B), 156.2, 156.2, 140.4, 138.0, 137.9, 130.8, 130.4, 130.4, 129.8, 
128.5, 128.4, 128.4, 128.3, 127.2, 127.1, 120.8, 120.8, 116.2, 116.1, 112.2, 112.2 (aryl, C-6,7 A 
and B), 55.7 (C-16 A), 55.6 (C-16 B), 52.1 (C-5 A), 52.0 (C-5 B), 36.9 (C-9 A and B).  
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293: (2-Methoxyphenyl)methylthiocarbamic acid S-((Z)-1-phenylpropenyl) ester 
 
 
 
Sodium hydride (0.072 g, 1.78 mmol, 60 % w/w in mineral oil) was added to a solution of (2-
methoxyphenyl)methylthiocarbamic acid S-(1-phenylallyl) ester (0.222 g, 0.71 mmol) in DMF 
(15 cm3) at 0 °C. The mixture was warmed to room temperature with stirring for 17 hours. The 
mixture was cooled to 0 °C and water (30 cm3) was added with care. The crude solution was 
extracted with Et2O (4 x 20 cm3). The combined organic fractions were dried over magnesium 
sulfate, filtered and the solvent removed under reduced pressure. The crude product was 
purified by flash column chromatography (petrol/EtOAc, 9:1) to afford the title compound as a 
colourless oil (0.125 g, 56 %). 
 
RF: 0.13 (petrol/EtOAc, 9:1); MS: m/z (ES+) 314 (15%, M+H+), 336 (100%, M+Na+); HRMS: 
found 336.1015, C18H19NO2NaS requires 336.1029; IR: νmax (film)/cm¹ 1672 (C=O); ¹H-
NMR: (CDCl3, 400 MHz) δ 7.51-7.50 (m, 2H, aryl), 7.40-7.18 (m, 5H, aryl), 7.01-7.98 (m, 2H, 
aryl), 6.52 (q, J 6.8 Hz, 1H, H-6), 3.87 (s, 3H, H-16), 3.17 (s, 3H, H-9), 1.96 (d, J 6.8 Hz, 3H, 
H-7); nOe irradiation at 1.96 ppm showed no response in the aromatic region, suggesting Z 
configuration of the double bond; ¹³C-NMR: (CDCl3, 75.5 MHz) δ 166.8 (C-8), 156.4 (C-15), 
142.1, 136.9, 131.6, 130.7, 130.5, 129.4, 128.1, 127.2, 126.9, 121.0, 112.2 (aryl, C-5,6), 55.6 
(C-16), 37.1 (C-9), 17.1 (C-7).  
 
 
295: (2-Methoxyphenyl)methylthiocarbamic acid 2,3-dimethyl-1-phenylbutyl ester 
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Iso-propyllithium (0.68 cm3, 0.48 mmol, 0.7 M in hexane) was added to solution of (2-
methoxyphenyl)methylthiocarbamic acid S-((Z)-1-phenylpropenyl) ester (0.055 g, 0.17 mmol) 
in THF (2 cm3) at -78 °C. The mixture was stirred for 1 hour. Propionic acid (0.06 cm3, 0.80 
mmol) was added and the mixture allowed to warm to room temperature. Water (10 cm3) and 
Et2O (10 cm3) were added and the phases separated. The aqueous fraction was extracted with 
Et2O (2 x 10 cm3). The combined organic fractions were dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure. The crude product was purified by flash 
column chromatography (petrol/EtOAc, 12:1) to afford the title compound as a mixture 
diastereoisomers and as a colourless oil (0.044 g, 76 %). 
 
RF: 0.23 (petrol/EtOAc, 9:1); MS: m/z (ES+) 380 (100%, M+Na+); HRMS: found 380.1655, 
C21N27NO2NaS requires 380.1655; IR: νmax(film)/cm¹ 1659 (C=O); mixture of 2 rotamers in a 
1:1 ratio ¹H-NMR: (CDCl3, 400 MHz) δ 7.40-7.10 (m, 14H, aryl A and B), 7.00-6.89 (m, 4H, 
aryl A and B), 4.60-4.47 (m, 2H, H-6 A and B), 3.88 (s, 3H, H-19 A), 3.64 (s, 3H, H-19 B), 
3.19-3.17 (m, 6H, H-12 A and B), 1.78-1.73 (m, 2H, H-4 A and B), 1.52-1.41 (m, 2H, H-2 A 
and B), 0.93 (d, J 6.8 Hz, 6H, H-5 A and B), 0.89-0.81 (m, 6H, H-1 or 3 A and B), 0.76 (t, J 6.6 
Hz, 6H, H-1 or 3 A and B); ¹³C-NMR: (CDCl3, 100 MHz) δ 168.1 (C-11, A), 168.0 (C-11, B), 
155.2 (aryl, A), 155.1 (aryl, B), 142.7 (aryl, A), 142.6 (aryl, B), 129.8 (aryl, A and B), 129.5 
(aryl, A and B), 129.1 (aryl, A and B), 127.2 (aryl, A and B), 127.0 (aryl, A), 127.0 (aryl, B), 
125.4 (aryl, A), 125.2 (aryl, B), 119.8 (aryl, A), 119.7 (aryl, B), 111.2 (aryl, A), 111.0 (aryl, B), 
54.5 (C-19, A), 54.4 (C-19, B), 53.8 (C-6, A and B), 43.0 (C-4, A), 42.9 (C-4, B), 36.0 (C-12, A 
and B), 28.0 (C-2, A), 27.7 (C-2, B), 21.0 (C-1,3, A and B), 15.1 (C-5, A), 14.7 (C-5, B).  
 
 
297a: (±)-Methylphenylthiocarbamic acid 1,2-dimethylpropyl ester 
 
 
 
Triethylamine (0.48 cm3, 3.48 mmol) was added to a solution of 3-methylbutane-2-thiol (0.33 
cm3, 2.67 mmol) and 1-methyl -3-(methylphenylcarbamoyl)-3H-imidazol-1-ium iodide (1.013 
g, 2.80 mmol) in DCM (10 cm3) with stirring at room temperature for 18 hours. The mixture 
was extracted twice with aqueous HCl (2 x 10 cm3, 1 M), dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure. The crude product was purified by flash 
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column chromatography (petrol/EtOAc, 30:1) to afford the title compound as a colourless oil 
(0.610 g, 96 %). 
 
RF: 0.26 (petrol/EtOAc, 8:1); MS: m/z (ES+) 238 (5%, M+H+), 260 (100%, M+Na+); HRMS: 
found 260.1083, C13H19NONaS requires 260.1080; IR: νmax (film)/cm¹ 1649 (C=O); ¹H-NMR: 
(CDCl3, 400 MHz) δ 7.44-7.34 (m, 3H, aryl), 7.29-7.26 (m, 2H, aryl), 3.52 (dq, J 7.1, 4.5 Hz, 
1H, H-4), 3.33 (s, 3H, H-7), 1.87 (dsept, J 6.8, 4.5 Hz, 1H, H-2), 1.24 (d, J 7.1 Hz, 3H, H-5), 
0.91 (d, J 6.8 Hz, 3H, H-1 or 3), 0.90 (d, J 6.8 Hz, 3H, H-1 or 3); ¹³C-NMR: (CDCl3, 100 MHz) 
δ 168.1 (C-6), 141.4, 128.4, 127.2, 127.1 (aryl), 46.5 (C-4), 37.3 (C-7), 32.2 (C-2), 18.8, 18.0, 
17.2 (C-1,3,5).  
 
 
7.4 Deuteration experiments 
 
n-Butyllithium (solution in hexanes, 2.5 eq) was added to a solution of diisopropylamine (3 eq) 
in THF (1 cm3) at 0 °C. This was stirred for 15 minutes and then cooled to -78 °C. This solution 
was added by cannular to a cooled (-78 °C) solution of methyl-p-tolylthiocarbamic acid (S)-1-
phenylethyl ester (0.05 g, 1 eq) in THF (1.5 cm3). The mixture was allowed to stir for the time 
specified (Table 9). CD3OD (3 eq) was added dropwise followed immediately by propionic acid 
(5 eq) and the mixture allowed to warm to room temperature. Water (10 cm3) and Et2O (10 cm3) 
were added and the phases separated. The aqueous fraction was extracted with Et2O (2 x 10 
cm3) and the combined organic fractions dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude mixture was purified by flash column 
chromatography (petrol/EtOAc, 12:1). Results are outlined in Table 9. 
 
 
Scheme 136 
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Table 9 
  180a  182a 
t (min) 
 
Yield (%) er %Da %Db  Yield (%) er %Da %Db 
2  nd 95:5 11 7  - - - - 
10  72 80:20 39 40  18 94:6 10 0 
20  64 77:23 41 42  19 93:7 2 1 
30  - - - -  64 88:12 3 0 
40  15 54:46 35 33  76 88:12 2 2 
 
a% deuteration calculated by integration in 1H NMR. 
b% deuteration measured in mass spectrometry (ES+) with correction for 13C. 
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Appendix I: 
X-ray crystal structure data 
 
 
 
Table 1.  Crystal data and structure refinement for s3328catw.  
   
Identification code               s3328catw  
Empirical formula                 C22 H19 N O3 S  
Formula weight                    377.44  
Temperature                       100(2) K  
Wavelength                        0.71073 A  
Crystal system, space group       Monoclinic,  P2(1)  
Unit cell dimensions           a = 7.686(4) A   alpha = 90 deg.  
                               b = 6.722(3) A    beta = 93.998(8) deg.  
                               c = 18.277(9) A   gamma = 90 deg.  
Volume                            942.0(8) A^3  
Z, Calculated density             2,  1.331 Mg/m^3  
Absorption coefficient            0.194 mm^-1  
F(000)                            396  
Crystal size                      0.60 x 0.50 x 0.10 mm  
Theta range for data collection   2.23 to 23.25 deg.  
Limiting indices                  -8<=h<=8, -7<=k<=7, -1<=l<=20  
Reflections collected / unique    2701 / 2701 [R(int) = 0.0000]  
Completeness to theta = 23.25     99.6 %  
Absorption correction             Semi-empirical from equivalents  
Max. and min. transmission        1.000 and 0.459  
Refinement method                 Full-matrix least-squares on F^2  
Data / restraints / parameters    2701 / 1 / 247  
Goodness-of-fit on F^2            1.223  
Final R indices [I>2sigma(I)]     R1 = 0.0576, wR2 = 0.1236  
R indices (all data)              R1 = 0.0618, wR2 = 0.1250  
Absolute structure parameter      0.09(15)  
Largest diff. peak and hole       0.352 and -0.271 e.A^-3  
 
The structure was solved by the direct methods.  
All non-H atoms were refined anisotropically.  
H atoms were included in calculated positions.  
The crystal was slightly twinned with the twin matrix being  
determined using the program PLATON as follows: 
Rotated from first domain by 180 degrees about 
reciprocal axis 0 0 1 with twin law: 
 
(-1.000    0.000    0.000)   (h1)   (h2)            
( 0.000   -1.000    0.000) * (k1) = (k2)                
( 0.332    0.000    1.000)   (l1)   (l2)                     
The twin fraction 
refined to a value of 0.0705(3).  
229 
 
The absolute configuration was determined by refining the Flack  
parameter. 
 
_chemical_name_common             
?  
_chemical_melting_point           
?  
_chemical_formula_moiety          
?  
_chemical_formula_sum  
 'C22 H19 N O3 S'  
_chemical_formula_weight          
377.44  
   
loop_  
 _atom_type_symbol  
 _atom_type_description  
 _atom_type_scat_dispersion_real  
 _atom_type_scat_dispersion_imag  
 _atom_type_scat_source  
 'C'  'C'   0.0033   0.0016  
 'International Tables Vol C 
Tables 4.2.6.8 and 6.1.1.4'  
 'H'  'H'   0.0000   0.0000  
 'International Tables Vol C 
Tables 4.2.6.8 and 6.1.1.4'  
 'N'  'N'   0.0061   0.0033  
 'International Tables Vol C 
Tables 4.2.6.8 and 6.1.1.4'  
 'O'  'O'   0.0106   0.0060  
 'International Tables Vol C 
Tables 4.2.6.8 and 6.1.1.4'  
 'S'  'S'   0.1246   0.1234  
 'International Tables Vol C 
Tables 4.2.6.8 and 6.1.1.4'  
   
_symmetry_cell_setting            
Monoclinic  
_symmetry_space_group_name_H-M    
P2(1)  
   
loop_  
 _symmetry_equiv_pos_as_xyz  
 'x, y, z'  
 '-x, y+1/2, -z'  
   
_cell_length_a                    
7.686(4)  
_cell_length_b                    
6.722(3)  
_cell_length_c                    
18.277(9)  
_cell_angle_alpha                 
90.00  
_cell_angle_beta                  
93.998(8)  
_cell_angle_gamma                 
90.00  
_cell_volume                      
942.0(8)  
_cell_formula_units_Z             
2  
_cell_measurement_temperature     
100(2)  
_cell_measurement_reflns_used     
990  
_cell_measurement_theta_min       
2.66  
_cell_measurement_theta_max       
26.33  
   
_exptl_crystal_description        
plate  
_exptl_crystal_colour             
colourless  
_exptl_crystal_size_max           
0.60  
_exptl_crystal_size_mid           
0.50  
_exptl_crystal_size_min           
0.10  
_exptl_crystal_density_meas       
? 
_exptl_crystal_density_diffrn     
1.331  
_exptl_crystal_density_method     
'not measured'  
_exptl_crystal_F_000              
396  
_exptl_absorpt_coefficient_mu     
0.194  
_exptl_absorpt_correction_type    
multi-scan 
_exptl_absorpt_correction_T_min   
0.459  
_exptl_absorpt_correction_T_max   
1.000 
_exptl_absorpt_process_details    
'SADABS' 
   
_exptl_special_details  
;  
 ?  
;  
   
_diffrn_ambient_temperature       
100(2)  
_diffrn_radiation_wavelength      
0.71073  
_diffrn_radiation_type            
MoK\a  
_diffrn_radiation_source          
'fine-focus sealed tube'  
_diffrn_radiation_monochromator   
graphite  
_diffrn_measurement_device_type   
'CCD area detector'  
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_diffrn_measurement_method        
'phi and omega scans'  
_diffrn_detector_area_resol_mean  
?  
_diffrn_standards_number          
?  
_diffrn_standards_interval_count  
?  
_diffrn_standards_interval_time   
?  
_diffrn_standards_decay_%         
?  
_diffrn_reflns_number             
2701  
_diffrn_reflns_av_R_equivalents   
0.0000  
_diffrn_reflns_av_sigmaI/netI     
0.0641  
_diffrn_reflns_limit_h_min        
-8  
_diffrn_reflns_limit_h_max        
8  
_diffrn_reflns_limit_k_min        
-7  
_diffrn_reflns_limit_k_max        
7  
_diffrn_reflns_limit_l_min        
-1  
_diffrn_reflns_limit_l_max        
20  
_diffrn_reflns_theta_min          
2.23  
_diffrn_reflns_theta_max          
23.25  
_reflns_number_total              
2701  
_reflns_number_gt                 
2554  
_reflns_threshold_expression      
>2sigma(I)  
   
_computing_data_collection        
'Bruker SMART'  
_computing_cell_refinement        
'Bruker SMART'  
_computing_data_reduction         
'Bruker SAINT'  
_computing_structure_solution     
'SHELXS-97 (Sheldrick, 1990)'  
_computing_structure_refinement   
'SHELXL-97 (Sheldrick, 1997)'  
_computing_molecular_graphics     
'Bruker SHELXTL'  
_computing_publication_material   
'Bruker SHELXTL'  
   
_refine_special_details  
;  
 Refinement of F^2^ against ALL 
reflections.  The weighted R-
factor wR and  
 goodness of fit S are based on 
F^2^, conventional R-factors R 
are based  
 on F, with F set to zero for 
negative F^2^. The threshold 
expression of  
 F^2^ > 2sigma(F^2^) is used 
only for calculating R-
factors(gt) etc. and is  
 not relevant to the choice of 
reflections for refinement.  R-
factors based  
 on F^2^ are statistically about 
twice as large as those based on 
F, and R-  
 factors based on ALL data will 
be even larger.  
;  
   
_refine_ls_structure_factor_coef  
Fsqd  
_refine_ls_matrix_type            
full  
_refine_ls_weighting_scheme       
calc  
_refine_ls_weighting_details  
 'calc 
w=1/[\s^2^(Fo^2^)+(0.0218P)^2^+0
.9651P] where 
P=(Fo^2^+2Fc^2^)/3'  
_atom_sites_solution_primary      
direct  
_atom_sites_solution_secondary    
difmap  
_atom_sites_solution_hydrogens    
geom  
_refine_ls_hydrogen_treatment     
constr 
_refine_ls_extinction_method      
none  
_refine_ls_extinction_coef        
?  
_refine_ls_abs_structure_details  
 'Flack H D (1983), Acta Cryst. 
A39, 876-881'  
_refine_ls_abs_structure_Flack    
0.09(15)  
_chemical_absolute_configuration  
ad 
_refine_ls_number_reflns          
2701  
_refine_ls_number_parameters      
247  
_refine_ls_number_restraints      
1  
_refine_ls_R_factor_all           
0.0618  
_refine_ls_R_factor_gt            
0.0576  
_refine_ls_wR_factor_ref          
0.1250  
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_refine_ls_wR_factor_gt           
0.1236  
_refine_ls_goodness_of_fit_ref    
1.223  
_refine_ls_restrained_S_all       
1.223  
_refine_ls_shift/su_max           
0.000  
_refine_ls_shift/su_mean          
0.000  
   
loop_  
 _atom_site_label  
 _atom_site_type_symbol  
 _atom_site_fract_x  
 _atom_site_fract_y  
 _atom_site_fract_z  
 _atom_site_U_iso_or_equiv  
 _atom_site_adp_type  
 _atom_site_occupancy  
 
_atom_site_symmetry_multiplicity  
 _atom_site_calc_flag  
 _atom_site_refinement_flags  
 _atom_site_disorder_assembly  
 _atom_site_disorder_group  
S1 S 0.23432(14) 0.66581(19) 
0.74511(7) 0.0229(3) Uani 1 1 d 
. . .  
O1 O -0.4462(4) 0.7379(8) 
0.4578(2) 0.0575(14) Uani 1 1 d 
. . .  
O2 O -0.2623(4) 0.7283(6) 
0.37401(19) 0.0383(10) Uani 1 1 
d . . .  
O3 O 0.4244(4) 0.7857(5) 
0.63676(19) 0.0291(9) Uani 1 1 d 
. . .  
N1 N -0.2978(5) 0.7299(6) 
0.4380(2) 0.0310(11) Uani 1 1 d 
. . .  
C1 C -0.1521(6) 0.7282(7) 
0.4958(3) 0.0236(11) Uani 1 1 d 
. . .  
C2 C -0.1861(6) 0.7232(7) 
0.5681(3) 0.0245(12) Uani 1 1 d 
. . .  
H2 H -0.3030 0.7181 0.5817 0.029 
Uiso 1 1 calc R . .  
C3 C -0.0492(6) 0.7255(7) 
0.6213(3) 0.0267(12) Uani 1 1 d 
. . .  
H3 H -0.0717 0.7221 0.6717 0.032 
Uiso 1 1 calc R . .  
C4 C 0.1235(6) 0.7327(7) 
0.6005(3) 0.0223(11) Uani 1 1 d 
. . .  
C5 C 0.1556(6) 0.7371(7) 
0.5262(3) 0.0231(11) Uani 1 1 d 
. . .  
H5 H 0.2720 0.7424 0.5120 0.028 
Uiso 1 1 calc R . .  
C6 C 0.0179(6) 0.7338(7) 
0.4733(3) 0.0255(12) Uani 1 1 d 
. . .  
H6 H 0.0384 0.7353 0.4227 0.031 
Uiso 1 1 calc R . .  
C7 C 0.2795(6) 0.7374(8) 
0.6546(3) 0.0272(12) Uani 1 1 d 
. . .  
C8 C 0.4350(6) 0.7181(6) 
0.8048(3) 0.0209(11) Uani 1 1 d 
. . .  
C9 C 0.4890(7) 0.9372(8) 
0.7962(3) 0.0320(13) Uani 1 1 d 
. . .  
H9A H 0.5751 0.9733 0.8361 0.048 
Uiso 1 1 calc R . .  
H9B H 0.3861 1.0227 0.7981 0.048 
Uiso 1 1 calc R . .  
H9C H 0.5401 0.9549 0.7490 0.048 
Uiso 1 1 calc R . .  
C10 C 0.3664(6) 0.6721(9) 
0.8806(3) 0.0274(11) Uani 1 1 d 
. . .  
C11 C 0.2787(6) 0.8177(9) 
0.9181(3) 0.0328(13) Uani 1 1 d 
. . .  
H11 H 0.2664 0.9480 0.8983 0.039 
Uiso 1 1 calc R . .  
C12 C 0.2091(7) 0.7729(10) 
0.9845(3) 0.0364(15) Uani 1 1 d 
. . .  
H12 H 0.1503 0.8732 1.0098 0.044 
Uiso 1 1 calc R . .  
C13 C 0.2249(7) 0.5842(11) 
1.0140(3) 0.0418(16) Uani 1 1 d 
. . .  
H13 H 0.1770 0.5545 1.0593 0.050 
Uiso 1 1 calc R . .  
C14 C 0.3118(7) 0.4374(9) 
0.9767(3) 0.0342(14) Uani 1 1 d 
. . .  
H14 H 0.3247 0.3075 0.9968 0.041 
Uiso 1 1 calc R . .  
C15 C 0.3794(6) 0.4815(9) 
0.9101(3) 0.0311(13) Uani 1 1 d 
. . .  
H15 H 0.4355 0.3800 0.8843 0.037 
Uiso 1 1 calc R . .  
C16 C 0.5897(6) 0.5808(7) 
0.7901(3) 0.0218(11) Uani 1 1 d 
. . .  
C17 C 0.7404(6) 0.6000(7) 
0.8367(3) 0.0251(12) Uani 1 1 d 
. . .  
H17 H 0.7478 0.7021 0.8728 0.030 
Uiso 1 1 calc R . .  
C18 C 0.8811(6) 0.4690(8) 
0.8307(3) 0.0276(12) Uani 1 1 d 
. . .  
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H18 H 0.9811 0.4805 0.8641 0.033 
Uiso 1 1 calc R . .  
C19 C 0.8768(6) 0.3236(8) 
0.7771(3) 0.0258(12) Uani 1 1 d 
. . .  
C20 C 0.7285(6) 0.3096(8) 
0.7284(3) 0.0267(12) Uani 1 1 d 
. . .  
H20 H 0.7236 0.2128 0.6905 0.032 
Uiso 1 1 calc R . .  
C21 C 0.5873(6) 0.4384(7) 
0.7356(3) 0.0230(11) Uani 1 1 d 
. . .  
H21 H 0.4874 0.4273 0.7022 0.028 
Uiso 1 1 calc R . .  
C22 C 1.0232(6) 0.1752(10) 
0.7732(3) 0.0401(13) Uani 1 1 d 
. . .  
H22A H 1.0498 0.1571 0.7220 
0.060 Uiso 1 1 calc R . .  
H22B H 0.9878 0.0475 0.7934 
0.060 Uiso 1 1 calc R . .  
H22C H 1.1270 0.2245 0.8017 
0.060 Uiso 1 1 calc R . .  
   
loop_  
 _atom_site_aniso_label  
 _atom_site_aniso_U_11  
 _atom_site_aniso_U_22  
 _atom_site_aniso_U_33  
 _atom_site_aniso_U_23  
 _atom_site_aniso_U_13  
 _atom_site_aniso_U_12  
S1 0.0113(6) 0.0257(6) 0.0319(7) 
0.0036(6) 0.0020(5) -0.0013(6)  
O1 0.016(2) 0.108(4) 0.048(3) -
0.003(2) 0.0051(18) 0.011(2)  
O2 0.030(2) 0.054(3) 0.030(2) 
0.0050(19) -0.0020(16) 
0.0032(18)  
O3 0.0163(18) 0.032(2) 0.040(2) 
0.0020(16) 0.0065(15) -
0.0045(15)  
N1 0.027(2) 0.031(3) 0.034(3) -
0.001(2) -0.003(2) 0.007(2)  
C1 0.016(2) 0.017(2) 0.037(3) 
0.000(2) -0.001(2) 0.0057(19)  
C2 0.017(2) 0.024(3) 0.033(3) -
0.001(2) 0.006(2) 0.002(2)  
C3 0.025(3) 0.026(3) 0.030(3) 
0.003(2) 0.008(2) 0.006(2)  
C4 0.021(3) 0.008(2) 0.038(3) 
0.003(2) 0.003(2) 0.0041(19)  
C5 0.014(2) 0.022(3) 0.034(3) 
0.002(2) 0.009(2) 0.000(2)  
C6 0.025(3) 0.020(3) 0.031(3) 
0.004(2) 0.004(2) 0.005(2)  
C7 0.024(3) 0.023(3) 0.035(3) 
0.000(2) 0.004(2) 0.002(2)  
C8 0.016(2) 0.012(3) 0.034(3) 
0.000(2) 0.0002(19) 0.0009(19)  
C9 0.022(3) 0.037(3) 0.036(3) 
0.000(3) 0.000(2) -0.003(2)  
C10 0.018(2) 0.028(3) 0.036(3) -
0.010(3) 0.001(2) 0.000(3)  
C11 0.029(3) 0.033(3) 0.035(3) -
0.006(3) -0.002(3) 0.006(3)  
C12 0.019(3) 0.060(4) 0.031(3) -
0.010(3) 0.004(2) 0.013(3)  
C13 0.022(3) 0.072(5) 0.031(3) 
0.003(3) -0.002(3) -0.001(3)  
C14 0.022(3) 0.039(3) 0.043(4) 
0.010(3) 0.010(3) -0.001(2)  
C15 0.017(3) 0.038(3) 0.038(3) -
0.005(3) 0.003(2) 0.006(2)  
C16 0.018(3) 0.016(2) 0.032(3) 
0.007(2) 0.007(2) 0.000(2)  
C17 0.017(3) 0.022(3) 0.037(3) -
0.003(2) 0.005(2) -0.004(2)  
C18 0.013(3) 0.035(3) 0.035(3) 
0.004(3) 0.005(2) -0.001(2)  
C19 0.014(2) 0.022(3) 0.042(3) 
0.009(2) 0.010(2) -0.004(2)  
C20 0.023(3) 0.024(3) 0.035(3) 
0.001(2) 0.010(2) 0.000(2)  
C21 0.018(3) 0.018(3) 0.034(3) 
0.002(2) 0.005(2) 0.000(2)  
C22 0.031(3) 0.040(3) 0.050(3) 
0.012(3) 0.008(2) 0.011(3)  
   
_geom_special_details  
;  
 All esds (except the esd in the 
dihedral angle between two l.s. 
planes)  
 are estimated using the full 
covariance matrix.  The cell 
esds are taken  
 into account individually in 
the estimation of esds in 
distances, angles  
 and torsion angles; 
correlations between esds in 
cell parameters are only  
 used when they are defined by 
crystal symmetry.  An 
approximate (isotropic)  
 treatment of cell esds is used 
for estimating esds involving 
l.s. planes.  
;  
   
loop_  
 _geom_bond_atom_site_label_1  
 _geom_bond_atom_site_label_2  
 _geom_bond_distance  
 _geom_bond_site_symmetry_2  
 _geom_bond_publ_flag  
S1 C7 1.780(5) . ?  
S1 C8 1.860(5) . ?  
O1 N1 1.221(5) . ?  
O2 N1 1.219(5) . ?  
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O3 C7 1.225(6) . ?  
N1 C1 1.486(6) . ?  
C1 C2 1.364(7) . ?  
C1 C6 1.397(7) . ?  
C2 C3 1.382(7) . ?  
C2 H2 0.9500 . ?  
C3 C4 1.407(7) . ?  
C3 H3 0.9500 . ?  
C4 C5 1.397(7) . ?  
C4 C7 1.500(7) . ?  
C5 C6 1.383(7) . ?  
C5 H5 0.9500 . ?  
C6 H6 0.9500 . ?  
C8 C9 1.541(7) . ?  
C8 C16 1.544(6) . ?  
C8 C10 1.547(7) . ?  
C9 H9A 0.9800 . ?  
C9 H9B 0.9800 . ?  
C9 H9C 0.9800 . ?  
C10 C15 1.391(8) . ?  
C10 C11 1.396(7) . ?  
C11 C12 1.393(7) . ?  
C11 H11 0.9500 . ?  
C12 C13 1.380(9) . ?  
C12 H12 0.9500 . ?  
C13 C14 1.396(8) . ?  
C13 H13 0.9500 . ?  
C14 C15 1.387(7) . ?  
C14 H14 0.9500 . ?  
C15 H15 0.9500 . ?  
C16 C21 1.381(7) . ?  
C16 C17 1.395(7) . ?  
C17 C18 1.405(7) . ?  
C17 H17 0.9500 . ?  
C18 C19 1.383(7) . ?  
C18 H18 0.9500 . ?  
C19 C20 1.399(7) . ?  
C19 C22 1.509(7) . ?  
C20 C21 1.402(7) . ?  
C20 H20 0.9500 . ?  
C21 H21 0.9500 . ?  
C22 H22A 0.9800 . ?  
C22 H22B 0.9800 . ?  
C22 H22C 0.9800 . ?  
   
loop_  
 _geom_angle_atom_site_label_1  
 _geom_angle_atom_site_label_2  
 _geom_angle_atom_site_label_3  
 _geom_angle  
 _geom_angle_site_symmetry_1  
 _geom_angle_site_symmetry_3  
 _geom_angle_publ_flag  
C7 S1 C8 106.7(2) . . ?  
O2 N1 O1 124.1(4) . . ?  
O2 N1 C1 118.3(4) . . ?  
O1 N1 C1 117.6(4) . . ?  
C2 C1 C6 122.1(4) . . ?  
C2 C1 N1 120.2(4) . . ?  
C6 C1 N1 117.7(4) . . ?  
C1 C2 C3 119.5(4) . . ?  
C1 C2 H2 120.2 . . ?  
C3 C2 H2 120.2 . . ?  
C2 C3 C4 119.8(5) . . ?  
C2 C3 H3 120.1 . . ?  
C4 C3 H3 120.1 . . ?  
C5 C4 C3 119.8(4) . . ?  
C5 C4 C7 116.9(4) . . ?  
C3 C4 C7 123.3(5) . . ?  
C6 C5 C4 120.1(4) . . ?  
C6 C5 H5 120.0 . . ?  
C4 C5 H5 120.0 . . ?  
C5 C6 C1 118.7(5) . . ?  
C5 C6 H6 120.7 . . ?  
C1 C6 H6 120.7 . . ?  
O3 C7 C4 122.0(5) . . ?  
O3 C7 S1 124.0(4) . . ?  
C4 C7 S1 114.1(3) . . ?  
C9 C8 C16 109.7(4) . . ?  
C9 C8 C10 113.2(4) . . ?  
C16 C8 C10 110.6(4) . . ?  
C9 C8 S1 109.8(3) . . ?  
C16 C8 S1 113.7(3) . . ?  
C10 C8 S1 99.6(3) . . ?  
C8 C9 H9A 109.5 . . ?  
C8 C9 H9B 109.5 . . ?  
H9A C9 H9B 109.5 . . ?  
C8 C9 H9C 109.5 . . ?  
H9A C9 H9C 109.5 . . ?  
H9B C9 H9C 109.5 . . ?  
C15 C10 C11 118.6(5) . . ?  
C15 C10 C8 120.8(4) . . ?  
C11 C10 C8 120.4(5) . . ?  
C12 C11 C10 120.3(5) . . ?  
C12 C11 H11 119.9 . . ?  
C10 C11 H11 119.9 . . ?  
C13 C12 C11 120.7(5) . . ?  
C13 C12 H12 119.6 . . ?  
C11 C12 H12 119.6 . . ?  
C12 C13 C14 119.4(5) . . ?  
C12 C13 H13 120.3 . . ?  
C14 C13 H13 120.3 . . ?  
C15 C14 C13 119.9(5) . . ?  
C15 C14 H14 120.1 . . ?  
C13 C14 H14 120.1 . . ?  
C14 C15 C10 121.1(5) . . ?  
C14 C15 H15 119.5 . . ?  
C10 C15 H15 119.5 . . ?  
C21 C16 C17 118.3(4) . . ?  
C21 C16 C8 124.7(4) . . ?  
C17 C16 C8 117.0(4) . . ?  
C16 C17 C18 120.3(5) . . ?  
C16 C17 H17 119.8 . . ?  
C18 C17 H17 119.8 . . ?  
C19 C18 C17 121.2(5) . . ?  
C19 C18 H18 119.4 . . ?  
C17 C18 H18 119.4 . . ?  
C18 C19 C20 118.4(5) . . ?  
C18 C19 C22 121.3(4) . . ?  
C20 C19 C22 120.2(5) . . ?  
C19 C20 C21 120.1(5) . . ?  
C19 C20 H20 120.0 . . ?  
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C21 C20 H20 120.0 . . ?  
C16 C21 C20 121.6(5) . . ?  
C16 C21 H21 119.2 . . ?  
C20 C21 H21 119.2 . . ?  
C19 C22 H22A 109.5 . . ?  
C19 C22 H22B 109.5 . . ?  
H22A C22 H22B 109.5 . . ?  
C19 C22 H22C 109.5 . . ?  
H22A C22 H22C 109.5 . . ?  
H22B C22 H22C 109.5 . . ?  
   
loop_  
 _geom_torsion_atom_site_label_1  
 _geom_torsion_atom_site_label_2  
 _geom_torsion_atom_site_label_3  
 _geom_torsion_atom_site_label_4  
 _geom_torsion  
 _geom_torsion_site_symmetry_1  
 _geom_torsion_site_symmetry_2  
 _geom_torsion_site_symmetry_3  
 _geom_torsion_site_symmetry_4  
 _geom_torsion_publ_flag  
O2 N1 C1 C2 -177.8(4) . . . . ?  
O1 N1 C1 C2 4.0(7) . . . . ?  
O2 N1 C1 C6 2.7(7) . . . . ?  
O1 N1 C1 C6 -175.4(5) . . . . ?  
C6 C1 C2 C3 0.6(7) . . . . ?  
N1 C1 C2 C3 -178.8(4) . . . . ?  
C1 C2 C3 C4 -0.1(7) . . . . ?  
C2 C3 C4 C5 -0.1(7) . . . . ?  
C2 C3 C4 C7 179.5(5) . . . . ?  
C3 C4 C5 C6 -0.2(7) . . . . ?  
C7 C4 C5 C6 -179.8(5) . . . . ?  
C4 C5 C6 C1 0.7(7) . . . . ?  
C2 C1 C6 C5 -0.9(7) . . . . ?  
N1 C1 C6 C5 178.5(4) . . . . ?  
C5 C4 C7 O3 15.4(7) . . . . ?  
C3 C4 C7 O3 -164.2(5) . . . . ?  
C5 C4 C7 S1 -164.2(4) . . . . ?  
C3 C4 C7 S1 16.2(7) . . . . ?  
C8 S1 C7 O3 8.6(5) . . . . ?  
C8 S1 C7 C4 -171.8(3) . . . . ?  
C7 S1 C8 C9 54.6(4) . . . . ?  
C7 S1 C8 C16 -68.7(4) . . . . ?  
C7 S1 C8 C10 173.7(3) . . . . ?  
C9 C8 C10 C15 -153.3(5) . . . . 
?  
C16 C8 C10 C15 -29.7(6) . . . . 
?  
S1 C8 C10 C15 90.2(4) . . . . ?  
C9 C8 C10 C11 31.4(6) . . . . ?  
C16 C8 C10 C11 155.0(4) . . . . 
?  
S1 C8 C10 C11 -85.1(4) . . . . ?  
C15 C10 C11 C12 1.3(7) . . . . ?  
C8 C10 C11 C12 176.7(5) . . . . 
?  
C10 C11 C12 C13 -0.4(8) . . . . 
?  
C11 C12 C13 C14 0.1(9) . . . . ?  
C12 C13 C14 C15 -0.8(8) . . . . 
?  
C13 C14 C15 C10 1.8(8) . . . . ?  
C11 C10 C15 C14 -2.0(7) . . . . 
?  
C8 C10 C15 C14 -177.4(4) . . . . 
?  
C9 C8 C16 C21 -120.1(5) . . . . 
?  
C10 C8 C16 C21 114.4(5) . . . . 
?  
S1 C8 C16 C21 3.3(6) . . . . ?  
C9 C8 C16 C17 61.7(6) . . . . ?  
C10 C8 C16 C17 -63.8(5) . . . . 
?  
S1 C8 C16 C17 -174.9(4) . . . . 
?  
C21 C16 C17 C18 -3.7(7) . . . . 
?  
C8 C16 C17 C18 174.6(4) . . . . 
?  
C16 C17 C18 C19 2.4(7) . . . . ?  
C17 C18 C19 C20 0.2(7) . . . . ?  
C17 C18 C19 C22 -176.4(5) . . . 
. ?  
C18 C19 C20 C21 -1.4(7) . . . . 
?  
C22 C19 C20 C21 175.3(5) . . . . 
?  
C17 C16 C21 C20 2.5(7) . . . . ?  
C8 C16 C21 C20 -175.6(4) . . . . 
?  
C19 C20 C21 C16 0.0(7) . . . . ?  
   
_diffrn_measured_fraction_theta_
max    0.996  
_diffrn_reflns_theta_full              
23.25  
_diffrn_measured_fraction_theta_
full   0.996  
_refine_diff_density_max    
0.352  
_refine_diff_density_min   -
0.271  
_refine_diff_density_rms    
0.060 
